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Summary 
This research presents a combined economic and environmental assessment tool for 
evaluating the economic and environmental performance of alternative maintenance 
strategies for optimising service life extension of old railway bridges. It is intended to 
assist bridge managers in identifying the best overall combination of both economic and 
environmental criteria in their decision making. 
An approach to assess the potential environmental effect of delaying maintenance work 
into the future, through the introduction of time-weighting of environmental impacts, is 
proposed. It is intended to aid railway asset managers to determine the potential benefit 
or dis-benefit of such ‘delaying’ options, in comparison with ‘non-delaying’ options.  
The methodology of the tool is based on life cycle analysis and accounts for the cost and 
environmental impacts that arise during the working life of different alternative 
maintenance strategies. The economic performance of the alternatives is analysed by 
using Life Cycle Costing (LCC) whilst the environmental performance is assessed based 
on Life Cycle Assessment (LCA). The tool addresses the potential unequal working lives 
of alternative maintenance strategies by evaluating cost and environmental performance 
through an ‘equivalent annual’ term.  The combined economic and environmental 
performance of the alternatives is evaluated through a multi-criteria decision analysis 
(MCDA) technique called ‘Single Multi-Attribute Rating Technique using Swings’ 
(SMARTS).  
A case study based on typical maintenance plans for a U.K. railway bridge is presented to 
demonstrate the application of the developed methodology. The three alternative 
maintenance strategies assessed are deck replacement, standard deck restoration and 
minor deck restoration. Sensitivity analyses are conducted to account for limited 
knowledge in some of the input quantities. 
In summary, this research has shown that the developed combined economic and 
environmental assessment tool has the ability to identify the best overall performance 
bridge maintenance alternative and is capable of integrating economic and environmental 
inputs and presenting the overall performance output in a coherent and transparent way 
to aid towards decision making. It is believed that it can be of particular use in asset 
integrity management decisions for assets approaching the end of their original or design 
service life. 
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1.0  Introduction 
1.1  Background  
Old infrastructure, such as bridges, form a significant part of the railway network in the 
United Kingdom (UK). According to a demographic survey that classifies European 
railway bridges, the UK has 40,000 bridges with about 40% of these being of metallic 
construction, as shown by Figure 1.1. (Sustainable Bridges, 2004) 
 
 
 Figure 1.1: Type of railway bridges in the UK (Sustainable Bridge, 2004) 
 
In comparison with other European railway networks, the UK has the highest number of 
older metallic bridge stock; approximately 60% of metallic bridges are over 100 years old 
(Sustainable Bridges Project, 2004). Figure 1.2 shows that 8,000 of the UK metallic 
bridges are over 100 years old. 
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Figure1.2: Age profile of railway metallic bridges in Europe (Sustainable Bridges, 2004) 
 
An increasing number of these old structures will need to be fully replaced when deemed 
unsafe or uneconomical. The asset replacement option is selected, if it is the least 
expensive under the Network Rail’s asset management policy (NR, 2010). In most cases, 
maintenance is the preferred approach to prolong the remaining useful life of such old 
structures and it is the Network Rail asset management’s objective to extend the useful 
life of the assets by carrying out cost effective maintenance.  
Maintenance work is often carried out on old railway bridges and it is important to ensure 
that these structures are capable of delivering the service expectations of the railway 
infrastructure owners. This normally consists of sustaining present as well as future traffic 
demands in the course of their long operational lives. Therefore, it is not surprising that 
the UK is investing hugely in maintaining its current assets; for example, a £1.5 billion 
spending has been proposed between 2014 to 2018 for repairs, renewals and 
enhancements of existing bridges (Arup, 2013).  
The level of service is normally related to the service expectations of the organisation 
(CIRIA, 2009). The level of service requirement for UK railway assets are stated in the 
Network Rail’s asset management objectives, which are to “operate a safe, reliable and 
efficient railway” (Network Rail, 2014).  
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1.2 Deterioration and performance of an infrastructure asset 
The condition of an asset deteriorates throughout its service life as the asset ages. As 
defined by Uddin et. al. (2013), deterioration is a function of properties of the material 
used in the asset, demand on the asset and the operating environment. Steel bridges are 
susceptible to corrosion over time and sections of the bridge may be lost if the corrosion 
is not managed or prevented.  At the same time, older bridge structures are usually 
subject to higher loading demands as compared to what they were originally designed 
and built for. Over time, the operating environment may cause structures to be more 
susceptible to deterioration. For example, steel structures located in marine environments 
are more susceptible to corrosion than a structure located inland. All these deterioration 
factors affect the performance of an old bridge structure. 
Uddin et. al., (2013) defines the performance of an asset as “the degree to which an asset 
serves its users and fulfils the purpose for which it was built or acquired, as measured by 
the accumulated quality and length of service that it provides to its users”. 
Figure 1.3 illustrates the concept of asset performance in relation to the condition of the 
asset over time. Uddin et al. (2013) states that the performance of an asset is represented 
“by the area under the time line of a quality measurement such as condition index (CI)”. In 
this figure, the condition of an asset is measured on a scale of 1 to 100, where 100 
represents excellent condition and 0 is a totally unacceptable/failed condition. The 
idealised S-curve characterises the deteriorating condition of an asset over time. The 
figure shows that asset performance can be classified into three phases. Phase I shows 
the new condition of the asset at the start of its life and how the performance curve starts 
slowly deteriorating. The performance of the asset decreases over time, influenced by a 
number of factors such as inherent properties of the material used, the quality of 
construction, demand on the asset and interaction with its operating environment. The 
slope of the curve characterises the performance of the asset. A steeper slope indicates a 
higher rate of deterioration and thus poor performance of an asset and vice-versa. Phase 
II starts when a sharp increase in the deterioration of the asset is experienced, 
characterised by a steeper slope. This may be attributed to the deterioration of one or 
more structural components and the deterioration may accelerate to the minimum 
acceptable level in a relatively short period if no maintenance or repair is undertaken. 
Phase III indicates a decelerating deterioration with incipient functional and structural 
failure. The condition of the structure has deteriorated to such low levels so that an 
intervention is required to bring the condition of the structure back to a higher level.  
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As the condition of a structure reaches a minimum acceptable level, a maintenance, 
repair or renewal (M,R&R) intervention is undertaken to return the structure condition 
back to a higher level. Basically, the intervention undertaken extends the service life of 
the asset. If no intervention is carried out and the asset is allowed to deteriorate, then 
replacement may be the best viable intervention.  
 
          
Figure 1.3: Deterioration and performance curve of an asset over time (Uddin et. al.,2013) 
 
In order to maintain the condition of these assets to the expected level of performance, a 
series of M,R&R interventions are usually required, at specific points in time, to prolong 
the structure’s remaining service life. Such series of interventions are usually termed as 
maintenance strategies and one of the biggest challenges of infrastructure asset 
management is to determine to optimum strategies to balance costs, risks, the level of 
service and environmental impacts.  
 
1.3 Balancing environmental and economic implications for managing aging 
railway bridges 
Aging bridges become increasingly expensive to maintain and require frequent 
maintenance including major rehabilitations and replacements to meet the targeted 
functional performance. Bridge maintenance projects, like other public-funded projects, 
have to compete for limited capital resources. In 2011, the McNulty’s Report on “Realising 
Potential of GB Rail” suggested a 30% reduction in future costs by 2018/19 (DfT, 2011). A 
reduction in this scale is the most significant challenge facing the industry.  
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As a result, railway asset managers are often faced with challenging decision making to 
procure the most cost effective maintenance strategy, among the possible alternatives, to 
manage the service life of the structure. The economic cost of different maintenance 
investment strategies have to be evaluated to ensure that the chosen solution is the most 
cost effective from a life-cycle perspective and frequently life-cycle cost analysis is utilised 
to help towards deciding the most cost effective strategy. 
Although railways are considered a low carbon mode of transportation, maintenance 
activities during the life of the assets may consume substantial resources and may 
release a significant amount of pollutants. Furthermore, half of the large number of railway 
bridges in the UK is more than 100 years old and thus a high level of maintenance 
workload is necessary to keep these bridges continuing in service. Consequently, this 
could have significant implications for the environment, with large quantities of resources 
being consumed and pollutants emitted. The TSAG RSSB (2010) estimated the 
maintenance of railway structures (bridges, tunnels, retaining wall, culverts and 
earthworks) are responsible for 211 tonnes of greenhouse gases in 2008/09. Although the 
portion from bridge maintenance is not known, bridge stock comprises of about 46% of 
the structures population (RSSB, 2011).  
Environmental impacts arising from the maintenance of these structures is expected to be 
significant and should not be overlooked. The environmental impacts that arise, as a 
result of maintenance intervention measures, are currently assessed using qualitative 
assessment methods (MAINLINE, 2012). These focus on impacts arising from individual 
work schemes, but do not consider the impacts from the strategy performance nor the 
structure life-cycle perspectives. 
Cost and environment are two of the important criteria considered. Railway asset 
managers need to be able to evaluate both the economic costs and the environmental 
consequences of diverse maintenance and rehabilitation alternatives so that an informed 
and optimised choice can be made. Taking into account both cost and environmental 
performance perspectives of these alternatives is not the only task. A thorough 
understanding of any trade-off between economic and environmental implications are also 
needed, generated by the alternatives available, and is required to ensure cost-
effectiveness whilst reducing the environmental consequences to a minimum. However, 
an integrated economic and environmental decision support model for the assessment of 
infrastructure maintenance is still lacking and it is the aim of this project to develop such 
an integrated economic and environmental assessment model. 
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1.4 Delaying environmental impact 
The environmental improvement innovations in terms of designs and construction 
methods for railway bridges are still in their infancy and currently concentrated around 
using better material recovery through recycling and reuse. This is demonstrated by the 
low quantity of articles on the subject found during the literature review. Although 
significant industrial and technological improvements that reduce environmental 
emissions in railway bridges are lacking, there is a clear plan in progress under the 
Railway Technical Strategy Plan (TSLG, 2012) to create a sustainable railway by 2040.  
Time is one of the factors considered during any decision making process. The decision 
makers have to decide the best timing for investing in a maintenance scheme in order to 
incur the least costs while keeping the environmental impact to a minimum. Deferring 
maintenance can be an alternative measure for decision consideration. This is particularly 
useful for managing large potential emissions in the short term while allowing time for less 
energy intensive and low environmental emission innovations to be developed for railway 
infrastructure products and construction technologies. Moreover, deferring asset 
maintenance work is common for the UK infrastructure industry. This happens when the 
maintenance budget is inadequate to undertake all the identified maintenance workload 
and hence the works have to be prioritised (ICE, 2008).  
This brings the question of whether impacts that occur at different times should be given 
the same weight in the decision evaluation process. Unfortunately, current research into 
the value of maintenance emissions over time is lacking and this research also addresses 
this issue. 
 
1.5 Research aim and objectives 
The aim of this research work is to develop a combined economic and environmental 
performance assessment methodology for the maintenance of railway bridges. The 
methodology is intended as a decision making support aid.  
The research objectives are as follows: 
 The review of literature to examine economic and environmental assessment 
approaches and decision making methods that are relevant for railway bridge 
maintenance. From the literature review, the most appropriate economic, 
environmental and decision support methods are identified for application in the 
development of this research decision support tool and areas for research 
contribution are made clear. 
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 The development of a decision support tool for evaluating and comparing overall 
economic and environmental performance of alternative maintenance strategies 
for maintaining old railway bridges. Hence, the best overall economic and 
environmental maintenance solution out of the alternatives considered can be 
identified. 
 The development of a new time-weighted environmental impact function that is 
capable of assessing the potential environmental effects of delaying the 
maintenance. As a result, the benefit or detriment of such delay options in 
comparison with non-delay options can be quantitatively determined. 
 The application of the developed framework will be demonstrated through a case 
study of a typical metallic railway bridge under different maintenance strategy 
scenarios.  
 
1.6 Organisation of the thesis 
This thesis is divided into the following chapters: 
Chapter 2 conducts an in-depth literature review to examine economic and environmental 
assessment and decision making tools that are highly relevant for railway bridge 
maintenance. This chapter reviews Life Cycle Costing (LCC) which is widely practised as 
the economical assessment tool for the railway industry. Next, a quantitative 
environmental impact assessment methodology called Life Cycle Assessment (LCA) that 
could potentially be used for evaluating the environmental impacts. Past and most recent 
LCA studies undertaken for assessing the impacts arising from bridge maintenance 
activities are reviewed. Finally, multi-criteria decision analysis (MCDA) methods are 
studied to identify the best method for aggregating results from LCC and LCA so that the 
best overall economic and environmental maintenance alternative can be identified. 
Chapter 3 provides a background and justification for proposing a new time-weighted 
function for valuing environmental impact over time. The main purpose of the new time-
weighted function is to be able to evaluate environmental effects arising from 
maintenance work carried out at different times. It helps in decision-making for identifying 
the benefit of delaying an environmental adverse maintenance to a later time and how it 
compares with other less adverse alternatives. Based on the assessment, it supports the 
asset owner towards managing the effect. This chapter reviews the two main approaches, 
i.e. discounting and ton-year accounting, which are developed for providing a time-value 
to carbon emissions and for calculating the benefit of delayed carbon emissions. Finally, 
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the strengths and limitations of the approaches are discussed in order to choose the most 
appropriate approach to develop the new time-weighted method. 
Chapter 4 presents the Combined Economic and Environmental Impact Assessment 
model developed in this research. This model compares the economic and environmental 
performance of competing maintenance and rehabilitation interventions that extend the 
service life of ageing railway infrastructure assets. Hence, the best overall economic and 
environmental performing maintenance strategy can be determined. The methodology is 
specifically developed to address the comparison of these intervention options, which 
have different service life durations. It measures the combined economic and 
environmental effect of the interventions and considers their whole-life performance using 
scoring values. The model also incorporates an additional step for evaluating and 
comparing the temporary delayed impact strategy with the ‘maintain now’ base scenario. 
It is an optional consideration which depends on the objectives defined for the 
assessment studies.   
Chapter 5 demonstrates the combined economic and environmental assessment model 
using a metallic bridge case study example in the UK. The case study option is evaluated 
and compared in terms of its economic and environmental performance to determine the 
best overall performance option considering three-deck rehabilitation strategies and their 
proposed maintenance plans. The assessment of the case study is presented step-by-
step following the proposed combined assessment methodology steps. This includes 
assessing the time-weighted method for adopting different delay timing scenarios and 
discount rates for the environmental aspect. 
Chapter 6 presents the conclusion of the research and provides recommendations for 
further advances in the research work. 
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2.0 Literature Review and Background Material 
2.1 Introduction 
The goal of this research project is to develop a combined economic and environmental 
impact assessment framework for comparing the economic and environmental 
performance of competing maintenance strategies that extend the service life of ageing 
railway infrastructure assets. As a consequence, the best overall economic and 
environmental performing maintenance strategy can be determined. In order to achieve 
this, an in-depth literature review is conducted to ensure the framework is highly relevant 
for ageing railway bridge management, particularly for metallic bridges, and to identify 
areas for innovations and scientific contributions in the railway research field.  
At the start, this chapter discusses the consideration of the economic cost in railway 
bridge maintenance. Next, it reviews the life cycle costing (LCC) which is widely practised 
as the economical assessment tool for the railway industry. 
Thereafter, the chapter examines a quantitative environmental impact assessment 
methodology called the Life Cycle Assessment (LCA) that could potentially be used for 
evaluating the potential impacts. It reviews the past and most recent LCA studies 
undertaken for assessing the impacts of bridge maintenance activities.  
Finally, the currently available state-of-the-art economic and environmental assessment 
methodologies are studied to identify the best integration method for designing a 
methodology framework of the new life cycle economic and environmental impacts 
assessment tool. 
2.2 Life cycle costing analysis (LCC) 
2.2.1 Principles of LCC 
 
As defined by Ryall (2009), life cycle costing (LCC) is ‘a method of determining the total 
cost of a bridge structure from its initial conception to the end of its service life.’ The 
primary purpose of life cycle costing analysis is to assess the economic costs of possible 
options to aid decision making (ICE, 2008). 
 
Some of the common reasons provided by EN60300-3-3 (2004) for utilising LCC to 
support the decisions making are summarised below:  
 
 For evaluation and comparison of alternative design and strategy approaches 
 Identification of cost contributors within the life cycle of the asset studied 
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 Long-term financial planning 
 Evaluation and comparison of alternative strategies for replacement, rehabilitation 
or life extension of aging asset 
 Allocation of available funds among competing priorities.  
 
LCC analysis has long been established as the economical assessment method used in 
the U.K. railway industry to appraise and minimise the maintenance costs of assets 
including bridges. Network Rail uses the Structures Asset Management Process 
(STAMPS) and the Tier 2 Whole Life Costing Tool to compare alternative maintenance 
interventions and strategies for bridge maintenance and renewal projects (Arup, 2013). 
  
LCC is based on the principle that costs incurred by an alternative are presented in 
present day monetary terms (Ryall, 2004). The method of converting the future costs into 
present cost values is called discounting. The alternative that produces the lowest life 
cycle cost is considered the most cost effective option.  
 
The two most common LCC methods for identifying the most cost-effective solution for 
asset maintenance and renewal are present value (PV) and equivalent annual cost 
(EAC). The following Table 2.1 summarises the LCC techniques used for case studies 
related to maintenance of bridges and other railway assets. 
Table 2.1: LCC techniques used by bridge maintenance related case studies. 
Case studies LCC technique applied 
Bridge management strategy for a steel 
plate girder bridge based on minimum 
total life cycle cost (Kaito et. al., 2001) 
Net present value (NPV) is used for 
evaluating different repair and 
maintenance strategies for a 50 year old 
steel railway bridge.  
Life-Cycle Cost based Maintenance Plan 
for Steel Bridge Protective Systems 
(Zayed et. al., 2002) 
Equivalent Annual Cost (EAC) is used for 
evaluating the lowest LCC cost paint 
protective system for a steel bridge. 
Life Cycle Cost Analysis in Bridge 
Structure: Focused on Superstructure 
(J.Kang et. al, 2007) 
Net present value (NPV) is used for 
evaluating the replacement of an existing 
bridge superstructure with four alternatives 
type of new superstructures. 
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LCC application for bridges and 
integration with BMS (Safi, 2012) 
 
Net present value (NPV) and equivalent 
annual cost (EAC) are used for assessing 
cost effectiveness of road bridge 
maintenance and renewal options. 
Life Cycle Management Strategy on Steel 
Girders in Bridges (So Kevin K.L. et. al., 
2012) 
Net present value (NPV) is used for 
assessing different repair and 
rehabilitation strategies for a road steel 
girder bridge.  
 
 
2.2.1.1 Net Present Value 
The Net Present Value (NPV) is by far the most commonly used life cycle costing method 
in civil engineering investment projects including railway bridges (MAINLINE D5.4). 
Network Rail in the UK adopts this method in appraising alternative maintenance 
intervention plans for bridge assets in their Whole Life Costing Tier 2 model (NR, 2014).  
NPV is a life cycle costing technique applied to convert a future cost into an equivalent 
present value by using a discount factor (Churcher, 2008). A unique feature of this 
technique is that a single period of analysis is required to evaluate all the maintenance 
alternatives. According to Riggs (1977), the NPV technique is applied to co-terminated 
projects where the period of analysis of the compared alternatives are usually ended 
together. It represents costs arising at different times which have been discounted to the 
equivalent present value for comparison among alternative maintenance investments. 
The most cost effective alternative is the one with the lowest NPV.  
The process for which future cost is converted into its equivalent present value is called 
discounting and is used to account for ‘time value of money’ (Flanagan and Norman, 
1983); this is discussed in detail in the following section. The NPV is expressed in the 
Equation 2.1 below (BS ISO 15686, 2008): 
     ∑
  
      
 
   
       (Eqn. 2.1) 
where, 
   is the cost in year  ,  
  is the expected discount rate per annum, 
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  is the number of years between base date and the cost occurrence, 
   is the study period, and 
 
      
  is the discount factor. 
2.2.1.2 Equivalent Annual Cost (EAC) 
Alternatively, the life cycle cost can be presented in terms of an Equivalent Annual Cost 
(EAC). With EAC, all the costs occurring at different times during a period of analysis are 
converted to an equivalent uniform yearly amount (Riggs, 1977). Whilst the NPV method 
is used to appraise alternative investments with a single study period, the EAC is for 
evaluating the alternatives that have different period of analysis.  
The EAC is calculated by multiplying the total net present cost (NPV) for year n by an 
annuity factor. The alternative with the lowest EAC value is the most cost-effective 
solution (Safi, 2012 and Churcher, 2008). The EAC is expressed in the Equation 2.2 
below (Churcher, 2008): 
     ∑                           (Eqn.2.2) 
where,  
      
 
   
     
 
  
   ∑      is net present cost in year   , 
              is discount rate, and 
       is the total service period  
 
Regardless of whichever method, i.e. NPV or EAC, discount rate and study period are the 
common parameters adopted by these methods. 
Discount rate  
Discount rate is used to convert cash flows occurring at different times to a common time 
to reflect the time value of money (BS ISO 15686, 2008). Real and nominal rates are the 
two types of discount rate used for calculating LCC. The real discount rate reflects the 
real earning power of money, which excludes inflation/deflation and is based on the 
assumption that inflation/deflation are equally applied to all costs (BS ISO 15686, 2008). 
On the other hand, the nominal discount rate takes into account general inflation and 
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deflation plus the real earning power of money. The BS ISO 15686-5 recommends using 
the real discount rate in order to exclude the impact of future inflation in the LCC analysis. 
Generally, for governmental or public funded projects, such as railway maintenance 
projects, real discount rate is adopted in the LCC analysis.  
 Discount rate has a significant impact to the final results in LCC analysis. As it was found 
by Langdon (2007), a low discount rate will tend to favour options with high capital cost 
and long life; whilst a high discount rate will have the opposite effect. Thus, the choice of 
a suitable discount rate is crucial for the decision-making in an LCC analysis. For a long 
life asset such as bridges, a low discount rate may be relevant. This is because low 
discount rate gives increased importance to costs incurred in distant future and hence the 
recurring maintenance cost during the long life of the bridge is not treated as insignificant.  
Discount rate is highly variable from country to country and dependant on the project that 
is considered (INNOTRACK, 2007). In the U.K., the real discount rate is determined by 
the U.K Treasury and the rate is published in the Green Book U.K. HM Treasury (2003) 
which recommends a real discount rate of 3.5% for a project assessment duration of 30 
years years and a declining discount rate value for project from 30 years to 300 years 
U.K. HM Treasury (2003). The survey from INNOTRACK identified that the discount rate 
in the rail sector varies from 2.5% to 8% for most of the projects in developed countries.  
For a long life asset such as bridges, a low discount rate may be appropriate as the use of 
low discount rate gives increased weight to costs incurred in the distant future. This is to 
ensure that the recurring cost during the lifetime of the asset such as maintenance is not 
treated as low importance or as negligible. 
Study period 
The study period (also known as time horizon and analysis period) is the period of time 
over which life cycle cost is to be analysed. The duration of the study period is determined 
by the client’s requirement which is the objective of undertaking the LCC analysis (BS ISO 
15686, 2008).   
David Langdon (2007) and BS ISO 15686-5 (2008) suggest the study period can be 
defined based a number of factors: 
 Life period of need or use of an asset and it corresponds to the BS ISO 15686 
-5 (2008) definition for service life of an asset. 
 Contractual period in which any period of time during the life of an asset that 
covers the length of a contract for a specific service. 
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 Arbitrary period stipulated by the user such as a standard investment analysis 
period used within an organisation. 
The Green Book states that the study period should be the useful life of the asset (CIRIA, 
2009) which normally is the service life of the asset.  This means if the LCC analysis is for 
evaluating alternative designs for a new bridge, the useful life (service life) is the design 
life of the bridge, e.g. 120 years for a bridge designed to British standards. For an existing 
aging bridge, the study period is influenced by the remaining service life and the extended 
life given by a maintenance action. 
As stated by Langdon (2007), the service life is the life span of an asset after constructed 
during which the asset able to meet the performance requirements expected by the asset 
owner. Usually an asset unable to meet its performance requirements due to changes of 
the requirement of the bridge such as increase of allowable traffic loading imposed on the 
asset or cause by degradation of the condition of the asset. 
 It was found that he study period adopted for analysing LCC of bridges or other railway 
assets is normally corresponds to the service life of the structure.  This is evidence from 
LCC case studies such as such as Gerváso and Simōes da Silva (2012) and Safi (2012).   
2.2.2 Implementation in current standards 
To enable the theoretical principles of LCC to be applied in the railway industry, a 
standard is required as the guiding principles and instructions and to provide standardised 
approach for implementation of LCC in the industry. BS ISO 15686-5: 2008 and BS EN 
60300-3-3: 2004 are the only two British Standards for LCC. Although there is little 
practical evidence that shows these standards are widely adopted by the U.K. railway 
organisations, they are follows by construction and railway guidances such as Davis 
Langdon’s common LCC methodology for construction (Langdon, 2007) and 
INNOTRACK LCC analysis method (INNOTRACK,2007).  Therefore, the general 
framework of these standards is reviewed in the sections below.  
 
2.2.2.1 BS EN 60300-3-3  
 
BS EN 60300-3-3 standard is intended for general application by suppliers and users of 
products to evaluate life cycle cost during product development to optimise product 
design and to evaluate life cycle cost associated with operating, maintenance and 
disposal strategies during the ownership of the product (BS EN 60300, 2004). It was 
adopted by the rail infrastructure maintenance sector for assessing life cycle costing of 
railway track assets. This includes using the standard as the basis in the INNOTRACK 
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(2007) research project for developing product and cost breakdown systems in evaluating 
different track maintenance and renewal innovations. The standard focuses on assessing 
the total life cycle cost and it is expressed by the following Equation 2.3: 
 
                                                                (Eqn 2.3) 
 
The main costs of a product, identified in the standard, are categorised by each life cycle 
phase and they are listed below: 
 Concept and definition costs, which are associated with feasibility studies of the 
product (e.g. market research, product concept and design analysis, etc.) 
 Design and development costs, which is associated with development to meet the 
product requirements, specification and compliance. (e.g. design engineering, 
prototype fabrication, testing, quality management, etc.) 
 Manufacturing and installation costs, which is associated with producing the 
product. (e.g. production management and engineering, fabrication, quality control 
and inspection, packaging, storage and transportation, etc.) 
 Operation and maintenance costs (e.g. operation, corrective maintenance and 
preventative maintenance) 
 Disposal costs, which is associated with the costs of decommissioning, disposal 
and recycling of the product. 
 
According to the BS EN 60300-3-3, it is necessary to breakdown the total LCC into its 
constituent cost elements to estimate the total life cycle cost. It states that these cost 
elements are the link between cost categories and the product/work breakdown structure. 
It introduces a three-dimensional cost element conceptual matrix as shown in Figure 2.1 
below, in which the cost element comprises of 3 components of a product (BS EN 60300, 
2004): 
 Product/work breakdown structure – to breakdown the product to lower indenture 
level. 
 Life cycle phases – the time in the life cycle when activity is to be carried out. 
 Cost categories – the cost categories of applicable resources such as labour, 
materials, fuel, overhead, transportation etc. 
 
Combined economic and environmental assessment tool for maintenance of railway bridges 
29 
 
 
Figure 2.1: Three dimensional cost element (EN 60300-3-3, 2004) 
 
The matrix with its three components is used to systematically identify all the required 
cost elements that make up the total life cycle cost of an LCC model.  This is best 
illustrated by using an example depicted in Figure 2.2. From the figure, a cost element 
(CE) is the link between cost category    (i.e. labour cost) and product breakdown 
structure item P14, (i.e. power supply) of the product and the link of the cost element is 
expressed in cost equation. Hence, a LCC model is basically an accounting structure that 
contains the mathematical expression for the estimation of each cost element that 
constitutes the life cycle cost of a product (BS EN 60300, 2004). 
 
Figure 2.2: Example of cost element and it’s link relationship (BS EN 60300-3-3, 2004) 
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An example of the implementation of the standard can be found within the INNOTRACK 
research project. The INNOTRACK applied the cost element concept as the basis for 
developing its LCC model for track asset. It proposed a typical product breakdown 
structure and cost categories structure as shown in Figure 2.3. The product breakdown 
structure is a hierarchical tree structure of components that make up a product and is 
broken down to lower indenture level of sub-components, and the cost categories 
structure is a tree structure of the duty and costs that occur along the entire life cycle of a 
product (INNOTRACK, 2007). The typical life cycle phases applied are research and 
development, investment, operation and maintenance and disposal.  
 
Figure 2.3 Product breakdown structure and cost categories 
Another key aspect of the EN60300-3-3 is the relationship between dependability and 
LCC. Dependability of a product is a collective term used to describe the product's 
availability performance and its influencing factors, i.e. reliability performance, 
maintainability performance and maintenance support performance (EN 60300-3-3, 
2004). The dependability related costs is the system recovery costs and are divided into 
corrective maintenance costs, preventive maintenance costs and consequential costs. 
The consequential costs due to loss of the product’s availability include warranty costs, 
liability costs, cost due to loss of revenue and costs for providing an alternative service.  
The costs accounted for by the BS EN 60300-3-3 are costs that have impact on the 
product. Although the environmental aspect is under consideration by the EN 60300-3-3 
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standard, it is only included if they are the costs for complying with the environmental 
legislations. In other words, it is the costs that have direct impact to the life cycle costs of 
their products.  
2.2.2.2 BS ISO 15686-5 
The BS ISO 15686, Part 5 is one of 8 parts of the standard and provides guidance on 
assessment of the life cycle costs of buildings and associated constructed assets and 
their parts. The primary objectives of this part of the standard are to: 
 
 Establish clear terminology and a common methodology for LCC, to enable 
practical use of LCC in the construction industry. 
 Set out the guiding principles, instructions and definitions for different forms of 
LCC and reporting. 
 Provide the framework for consistent LCC predictions and performance 
assessment, which facilitates more robust levels of comparative analysis and cost 
benchmarking. 
 
In general, the current widely recognised life cycle costing standards are the ISO 15686-
5:2008 and EN 60300-3-3. Reviewing both standards, the type of costs considered in life 
cycle costing analysis can be divided into 2 categories, i.e. agency cost and indirect user 
cost. 
 
Agency (Direct) Costs 
Most of the references recognise agency costs as one of the primary cost parameters for 
LCC. The agency costs are generally defined as cost incurred by the project’s owner or 
agent over the study period (Ehlen, 2003). The typical agency costs considered are 
related to design, construction, operation, maintenance (including repairs and 
inspections), demolition, removal/disposal, replacement & rehabilitation/upgrading as 
reported in INNOTRACK (2009), Ehlen (2003) and Langdon (2007).  
User Costs 
Some of the references recognise user costs as one of the main parameters of the cost 
system. Most of the references define user costs as the costs imposed on the direct users 
of the project (INNOTRACK, 2009).The costs that are frequently considered are delay 
costs and non-availability costs to the users. 
2.2.3 Recent case studies in bridge maintenance 
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During the past decade, Network Rail has been applying life cycle costing to minimise the 
maintenance and management cost of their bridge assets. In 2000, the Structures Asset 
Management Process (STAMP) tool was developed by Mouchel and applied by Network 
Rail for evaluating and identifying life cycle cost of alternative interventions for maintaining 
railway bridges. (Mouchel, 2007). Since then, Network rail has expanded the life-cycle 
costing by its so-called Whole-Life Cycle Cost Tier 2 Model for evaluation and 
identification of the lowest cost maintenance plan as part of their asset management 
process. Since the research project concentrates on maintenance of aging railway 
bridges situated in the UK, the LCC tool for evaluating their bridges is briefly discussed 
below. 
 
STAMP (Structures Asset Management Process)  
Network Rail uses the STAMP program to compare maintenance alternative interventions 
for major bridge maintenance and renewal projects. It is a single asset decision modelling 
tool for whole life costing which was developed in 2000. It is used by engineers to 
evaluate maintenance and renewal options for rail bridge assets, with the aim of 
delivering the optimum whole life cost solution. It compares combinations of possible 
interventions provided by the user and presents the life cycle cost result using net present 
value (NPV). The tool also considers costs of any operational disruptions caused by the 
interventions or by operational restrictions and any costs resulting from restrictions in load 
or speed required while the asset is awaiting repair. An overview of the structure 
framework used in STAMP can be seen in Figure 2.4. 
 
 
Figure 2.4: STAMP Analytical Process System (Mouchel, 2007) 
Possible
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Life cycle costing is used for several purposes as discussed in the previous section 
above. Many case studies reveal that life cycle costing analysis is normally used for 
appraising alternative bridge decisions. This includes appraising competing maintenance 
and management strategies for bridges, as presented by Kaito et. al. (2001), Huang et. al. 
(2004) and Safi et. al.(2012). 
Kaito et. al. (2001) performed life cycle costing analysis to evaluate three possible 
maintenance, repair and renewal strategies. The objective was to identify the most 
optimum bridge management strategy to extend the service life a 50 year old steel plate 
for the next 50 years. Strategy A involved renewal of the existing bridge deck. Whilst, 
Strategy B maintains the existing bridge deck for the next 50 years with minimum 
maintenance and repair works. Strategy C also keeping the bridge deck in service for the 
next 50 years with appropriate major rehabilitation works. Kaito et. al. (2001) used NPV 
method for estimating the total LCC cost of each strategy. The study only account for 
agency costs that associated with the works.  
Huang et. al. (2004) evaluated the total life cycle cost of alternative maintenance options 
for concrete bridge decks. The analyses considered agency cost and user cost for 
estimating the LCC of the options using NPV. Also, the study accounted for the 
uncertainty of the agency unit cost and the rate of corrosion of reinforcement by 
performing probabilistic LCC analysis using Monte-Carlo simulation. The study found that 
the estimate service life of the maintenance treatment is strongly influenced by the timing 
of the intervention. Early timing of intervention increase the estimated service life of the 
maintenance treatment but late timing of intervention reduces the estimated service life of 
the treatment. However, the timing of the intervention makes no different to the service life 
of the treatment if the condition of the deck has deteriorated extensively. The discount 
rate applied was 3% to 4.5%, and it found that discount rate can have significant effect on 
the total life cycle cost of a maintenance option as it can change the optimum 
maintenance option. 
Safi et. al. (2012) examined the bridge replacement versus bridge repair strategies by 
conducting LCC study for a steel arch culvert bridge in Sweden. The repair strategy 
comprised of immediate repair with annual maintenance for the next 20 years of the 
bridge life. On the other hand, the replacement strategy allows the bridge to deteriorate, 
utilising its remaining service life and replacing it with a new bridge which would last for 60 
years. Because the strategies studied have unequal life span, Safi utilises equivalent 
annual cost (EAC) technique for calculating LCC costs. The study reveals that 
replacement strategy is the most cost effective strategy.  
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Apart from assessing competing maintenance strategies, LCC is also widely used to 
assess alternative type of bridge component in studied. 
Kang et. al. (2007) performed a life cycle costing analysis for assessing the life cycle cost 
of two options of railway bridge decks. The first option was a combination of prestresed 
concrete beams and steel box girder whilst the second option was the combination of 
prestressed concrete beam, prestressed concrete box girder and re-prestressed preflex 
girder. Kang et. al (2007) calculated the life cycle costs through the NPV method and 
using a 60 year study period and a mean real interest rate 4.83% as the discount rate. 
The LCC analysis covered the costs of construction and maintenance phases of the 
bridges which were the costs of design, construction, inspection, repair, rehabilitation and 
user cost. Through the LCC analysis, it was found that second option has the lower total 
LCC cost.  
Based on the literature studies above, it can be concluded that: 
 The current Network Rail life cycle costing tool is solely for the purpose of life 
cycle costing analyses. It accounts for the agency cost, which include cost of 
materials, labour, equipment and other costs directly associated with a 
maintenance work. 
 Based on the literatures review, LCC assessment is currently focused on direct 
(agency) costs and indirect (users) costs including compensation costs due to 
traffic delays and unavailability. However, environmental impact costs (e.g. 
pollution cost to air, water and land) are not accounted for in current LCC 
assessment.  
 Many of the railway maintenance and rehabilitation measures used have different 
performance life expectancy. As a result, different interventions are anticipated to 
yield different lifespan improvements to the life expectancy of the aging bridges. 
EAC is utilised to overcome these unequal service life comparison issues within 
LCC.  
 The choice of discount rate has a significant effect on the total life cycle cost. 
 The timing of intervention can influence the service life performance of a 
maintenance treatment. Hence, it is important to identify the optimum intervening 
time for carrying out maintenance work during the life of the bridge. 
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2.2.4 Environmental cost through LCC assessment 
In both BS EN 60300-3-3 (2004) and BS ISO 15686-5 (2012), LCC cost of an asset 
excludes external cost to the environment. Despite that, there are attempts to internalise 
the external cost of the environment into LCC assessment. 
However, there are very few LCC tools consider environmental costs during the LCC 
analyses (MAINLINE, 2012). Furthermore, there is limited guidance in the literature on 
how to internalise environmental costs within the LCC analysis, as shown in Table 2.2.  
The Davis Langdon Common Methodology (Langdon, 2007) and the ISO 15686-5 (2006) 
standard requires only the actual costs to be considered in the LCC analysis, for example, 
taxes and rebates introduced by the environmental legislations, cost premium for the use 
of non-renewable resources and CO2 taxes. On the other hand, Ehlen (2003) refers to 
environmental costs as third-party costs and considers them as the costs from the 
construction process that pollute water, air and land.  
Table 2.2: Literature review of environmental costs considered in LCC (MAINLINE, 2012) 
Literature source Suggested environmental costs by the 
literature 
BS EN 60300-3-3 Standard 
(2004) 
Environmental impact costs. 
BridgeLCC Manual (Ehlen, 2003) 
 
Costs from construction process that pollute 
water, air and land. 
Davis Langdon Common 
Methodology (Langdon, 2007) 
and ISO 15686-5 (2006) 
Taxes and rebates introduced by the 
environmental legislations, cost premium 
for the use of non-renewable resources and 
CO2 taxes. 
 
Guidelines for Life Cycle Cost 
Analysis (FHWA, 2003) 
Air pollutants, water pollutants, biodiversity, 
natural resources, noise and heritage. 
 
It can be concluded that there is a lack of clear and coherent guidance on the definition of 
‘environmental costs’. Moreover, a clear method on how to quantify environmental 
impacts and convert them into costs is missing from the currently available LCC 
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standards, i.e. EN 60300-3-3 and ISO 15686-5. This also explains why the majority of the 
LCC tools reviewed by the D5.4 MAINLINE report (2012) do not consider the 
environmental aspect; this includes the current LCC tool application used by the U.K. 
Network Rail. This agrees with G.A. Norris’s (2001) view that traditionally LCC captured 
the direct and some indirect costs, but not the external costs which includes 
environmental impact. 
 
Based on the review above, the conventional LCC assessment fails to recognise the 
wider implications of the asset towards the environment. An alternative approach is 
required in order to capture the environmental implications from a railway asset. 
Currently, life cycle assessment (LCA) is the only acknowledged environmental 
assessment tool that is capable of estimating the environmental impacts quantitatively 
considering the whole-life cycle system of an asset (Lee at. el., 2008).  
 
2.3 Life Cycle Assessment  
2.3.1 Principles of life cycle assessment (LCA) 
Life cycle assessment is an environmental assessment technique and addresses the 
environmental aspects and potential environmental impacts throughout a product’s life 
cycle from raw material acquisition through to production, use and end-of-life treatment, 
recycling and final disposal, i.e. cradle to grave (ISO 14044, 2006). In general, LCA is 
used for the following purposes (ISO 14044, 2006): 
 
 Identifying opportunities to improve the environmental performance of products 
during their life cycle. 
 Supporting decision making for the purpose of strategic planning, policy making 
and product/process design and development. 
 Selecting choice of relevant environmental performance indicators. 
 For marketing communication by producing relevant environment labels and 
environmental product declarations for eco-labelling schemes. 
 
LCA is a system approach which maps out the input and output flows of a modelled 
product system (Steele, 2003). It comprises a collection of unit processes that represent 
the activities performed throughout the life cycle of the product, and this includes flows 
entering or leaving the unit processes within the system (ISO 14044, 2006).  
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Figure 2.5 illustrates a simplified unit process by using the production of steel as an 
example. In order to produce the required steel, the unit process generally requires the 
input of elementary flows iron and alloy ores as the raw materials and electricity and fuel 
to operate machinery to manufacture the steel. The elementary output flows from the unit 
process system are generally the steel product itself, emissions and wastes to air, water 
and land and by-product such as fly ash.  
 
 
 
 
 
Figure 2.5: Illustrated example of unit process system for steel production 
 
In the case of steel used in metallic bridges the product system comprises the life cycle of 
steel from raw materials (e.g. iron and alloy ores) acquisition, steel production, use of 
steel in the bridge and finally disposal/recovery of the steel when the bridge or part of the 
bridge reaches its finite life. Figure 2.6 illustrates a typical model of LCA’s product system 
according to the ISO 14040 standard; the input and output flows are categorised into the 
following types: 
 
 Elementary input flow - The elementary input flow is drawn from the environment 
and fed into the relevant unit process without previous human transformation and 
is in the form of material or energy.  
 Elementary output flow - Similarly, elementary output flow is emitted from the 
relevant unit process and is leaving the product system being released to the 
environment. This form of output flow includes emission to air, water or land 
without subsequent human transformation.  
 Intermediate flow - The intermediate flow links unit processes from one to another 
and it represents the sub-assemblies, material or energy output from one unit 
process that is input to the next unit process.  
By-product (e.g. fly ash) 
Production of 
steel 
Raw materials (e.g. 
iron and alloy ores) 
Emissions (e.g. 
greenhouse gases and 
other pollutants) Energy for production 
(e.g. electricity and 
fuel) Solid wastes 
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 Waste flow - The waste flow links waste output from one unit process that destined 
for waste treatment process. 
 Product input flow – Product input flow is flow from other systems entering the 
product system considered. This includes recycled/reused material, co-products or 
emissions from other systems.  
 Product output flow – Product output flow is the flow from the product system 
considered that is used or fed into other systems. This includes material, co-
products or emission output from the product system.   
 
Figure 2.6: Example of a typical LCA product system (ISO 14040, 1997) 
 
2.3.2 LCA methodology framework 
The standards for conducting an LCA are as below. These standards are still the only 
international standard references for LCA. 
 ISO 14040 (1997) Environmental management - life cycle assessment – principles 
and framework, 
 ISO 14041 (1998) Environmental management - life cycle assessment – goal and 
scope definition and inventory analysis, and 
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 ISO 14044 (2006) Environmental management – life cycle assessment – 
requirements and guidelines. 
 
The LCA methodology framework is the key aspect of the standard and it consists of four 
phases which are the ‘definition of goal and scope’, ‘inventory analysis’, ‘impact 
assessment’ and ‘interpretation of results’ as shown in Figure 2.7. The methodology 
framework will be briefly discussed, highlighting the key aspects of each phase. 
 
 
Figure 2.7: ISO 14040 life cycle assessment methodology framework (ISO 14040, 1997) 
 
2.3.2.1 Goal and scope definition 
 
The first phase, i.e. ‘definition of goal and scope’ is the crucial part of any LCA study since 
it will ensure that the ‘right’ assessment result is produced for the required LCA question 
for other subsequent phases. The key components of this phase can be summarised 
below:  
 Define goal clearly which includes the consideration of intended use and reason to 
undertake the LCA study, identify the targeted audience (internal staff in the 
organisation, external stakeholders or public), and how the results should be 
communicated.  
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 Undertake scoping process, which involves specification of the product system 
modelling. The product system considered is clearly described with a definitive 
system boundary in order to determine what unit processes are included within the 
product system.  
 Define the functional unit, which is a quantitative description of service 
performance (the needs to be fulfilled) by the product being analysed. The 
standard also requires the choice of functional unit applied throughout the study to 
be clearly specified and be consistent with the goal and scope of the study. The 
scope may have to be refined during the study when further information becomes 
known at the inventory analysis phase (ISO 14044, 2006). 
 In addition, among the list of criteria stated in the standard, Baumann and Tillman 
(2004) suggest the four most important considerations are specifying the process 
allocation procedure, determine the life cycle impact assessment methodology 
and the impacts and data quality requirements.  
 
2.3.2.2 Inventory analysis 
 
The ISO 14040 (1997) outlines a systematic procedure to conduct the inventory analysis 
and describes the phase as involving data collection and calculation procedures to 
quantify relevant input and output flows of a product system, as shown in Figure 2.8. It 
can be summarised by the following primary tasks: 
 
 Data collection, calculation and validation 
 Relating data to unit process and to the reference flow of the functional unit 
 Data aggregation 
 Refining the system boundary (as appropriate) with sensitivity analysis. 
 Production of inventory analysis with Life Cycle Inventory (LCI) results. 
 
 
 
 
 
Combined economic and environmental assessment tool for maintenance of railway bridges 
41 
 
 
Figure 2.8: Simplified procedure for inventory analysis phase (ISO 14044, 2006) 
 
2.3.2.3 Impact assessment 
 
Figure 2.9 illustrates the processes of carrying out impact assessment which involves the 
following core activities: 
 The selection of impact categories, category indicators and characterisation 
models. There are a range of impact categories and the selection of the impact 
categories depends on the goal and scope of an LCA study (Baumann and 
Tillman, 2004). The impact categories chosen should cover all the significant and 
specific environmental problems that are relevant to the LCA study. In addition, the 
chosen categories should be mutually independent in order to avoid double-
accounting. Based on observation from railway construction projects such as the 
Bothnia Line (Stripple and Uppenberg, 2010, and Du, 2012), the impact categories 
that are commonly measured in a railway projects are described in Table 2.3.  
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 Classification: the LCI results produced from the inventory analysis phase are 
assigned to the relevant impact categories.  
 Characterisation: category indicator results are calculated by converting the LCI 
results to a common unit and aggregating the converted results within the same 
impact category. The outcome of the calculation is a numerical indicator result. 
 
Figure 2.9: Operational steps for impact assessment phase and example (adapted from 
ISO 14044, 2006) 
 
 
Table 2.3: Environmental impact categories commonly measured in railway projects 
(Baumann & Tillman, 2004) 
Impact 
categories 
Description of the impact categories 
Category 
indicators 
used for 
measuring 
the impact 
potential 
Acidification  
(AP) 
Acidification occurs when major acidifying gases such 
as sulphur dioxide (SO2), nitrogen oxides (NOx), 
hydrogen chloride (HCl) and ammonia (NH3) released 
kg SO2 
equilvalent 
or kg H+ 
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into the atmosphere and react with water to form acid 
deposition (e.g. acid rain). The acid deposition falls and 
causes damage to the ecosystem. 
Eutrophication 
(EP) 
Eutrophication associates with impact from excessively 
high concentration of nutrients such as nitrates and 
phosphates which encourage excessive growth of 
biological productivity (e.g. algae bloom). The biological 
productivity consumes oxygen. It reduces the level of 
oxygen in water and leading to ecosystem damage, loss 
of species and reduction of biodiversity. 
kg N or kg 
PO4 
Global 
warming 
(GWP) 
Global warming occurs when greenhouse gases (GHG) 
such as carbon dioxide (CO2), methane (CH4), nitrous 
oxide (N2O), hydrofluorocarbon (HFCs) and 
chloroflourocarbons (CFCs) absorb infrared radiation 
and heat the atmosphere, leading to global warming. 
kg CO2 
equivalent 
Photochemical 
ozone 
creation 
(POCP) 
Photochemical ozone creation, also known as smog, is 
formed by pollutants such as nitrogen oxides (NOx) and 
volatile organic compounds (VOCs) in the air with the 
presence of sunlight. It can cause health problem such 
as asthma and vegetation damage. 
kg ethene 
equivalent 
Ozone 
depletion 
(ODP) 
Ozone depletion occurs when chlorinated and bromated 
substances such as hydroclorofluorocarbon (HCFCs) 
and chloroflourocarbons (CFCs) and halons breaks 
down ozone molecules at upper atmosphere and leads 
to the thining of stratospheric ozone layer. The damage 
to the ozone layer reduces its ability to screen out 
penetration of ultraviolet light from the sun and causing 
health problems such as skin cancer and sun-related 
damage to crops and animals. 
kg CFC-11 
equivalent 
 
Currently, numerous impact assessment methods are available (that embody the impact 
assessment steps stated above) to provide impact values for different categories. Some 
of the most commonly used methods are the CML 2001 – November 2010 (Guinée et al., 
2001), Eco-indicator 95 (Goedkoop, 1995) and Eco-indicator 99 (Goedkoop and 
Spriensma, 2001). There is not a single right method and the selection of the impact 
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assessment method and categories should be compatible with the goal and scope 
definition of a study (Du, 2012). As recommended by the the ISO14042 Life Cycle Impact 
Assessment standard (ISO14042, 2000), it is advisable to carry out an LCA study using 
different impact assessment methods and to carry out a sensitivity analysis that allows 
correct interpretation of the results to be obtained. 
  
2.3.3.4 Interpretation of results 
 
The final phase is the life cycle interpretation which involves the following core activities: 
 Identification of significant issues. 
 Evaluation by completeness check, sensitivity check, consistency check and other 
checks. 
 Conclusion, limitation and recommendations. 
2.4 Review of LCA case studies in railway  
LCA studies specifically on railway bridges are rare and limited to case studies like the 
Bothnia Line. It agrees with Du (2012)’s review that stated the ‘LCA method is very rarely 
applied for railway bridge structures.’ Most of the previous LCA studies conducted either 
on overall rail infrastructure system analysis (including train operations) or were focused 
specifically to track designs. In order for better understanding the issues related to LCA 
analysis, this review includes case studies on other railway infrastructure assets and non-
railway bridges. 
 
2.4.1 LCA case studies on railway infrastructure 
 
During the past decade, there has been growing interest of using LCA technique in 
assessing the environmental performance of railway infrastructure. One of the earliest 
LCA studies on railway was carried out by Rozycki et al. (2003) to assess the 
environmental impacts of rail transport system. At that time, there was lack of in-depth 
investigations on environmental effects caused by rail transport and particularly the 
environmental impacts resulting from the life-cycle of rail infrastructure system (Rozycki et 
al, 2003).  
 
Rozycki et al. (2003) conducted an LCA inventory analysis in order to determine the 
energy and resource consumptions and the CO2 emission of a German rail transport 
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vehicle (called ICE train) and the infrastructure system on the Hannover-Wuerzburg Line 
in Germany. The outputs of the analysis were reported using cumulative energy demand 
(CED), material input per service (MIPS) and CO2 emission, respectively. The study 
revealed that the ICE train traction consumed the largest amount of energy by 
contributing 64% of the total CED. The infrastructure system made up about 13% of the 
total CED and was dominant by the infrastructure’s construction phase of the new line. 
For the resources consumption, 57% of the total MIPS was contributed by the 
infrastructure, largely due to gravel materials used for building new ballast and soil/rock 
materials excavated to construct new tunnels. The study also identified 70% of the total 
CO2 emitted was during the rail transport operational phase due to traction energy. This 
reveals a direct relationship between energy consumption and CO2 emission. 
 
In recent years, there has been growing demands of implementing LCAs in rail for 
comparison of environmental performance of different materials and product designs of 
railway track system. The aim is to identify ‘hot-spots’ in the current track system for the 
purpose of design improvement. This is evidenced from the research carried out by 
Svensson and Eklund (2007), Lee et. al. (2008), Crawford (2009) and Du (2012). 
 
Svensson and Eklund (2007) developed an initial life cycle assessment method to assist 
the Swedish National Rail Authority to identify products and materials that have significant 
effect to the overall environmental performance of railway infrastructure. This enables the 
rail authority to plan strategically the improvement of the overall environmental 
performance of their infrastructure. The key aspect of the assessment method involved a 
screening process using weight limit and energy intensive criterion so that energy 
significant materials can be identified. A newly-built railway route between Kungsangen–
Kalhall, near Stockholm, was used as a case study. The study concentrated on railway 
track and only focused on cradle-to-gate life cycle phases. ‘Material-related energy use’ 
was used to indicate the primary energy consumption of the materials and products. 
Svensson and Eklund (2007) argued that the use of the energy indicator was appropriate 
to represent the overall environmental pressure of the materials and products. It was 
assumed critical environmental pressures such as GHG emission was largely attributed to 
the use of energy. Their studies also revealed that steel rails, concrete sleepers and 
ballast contributed almost the entire material-related energy consumed although the steel 
products accounted for 2% of the total weight but consumed 77% of the total energy.  
 
Lee et. al. (2008) conducted life cycle impacts assessment (LCIA) in accordance to the 
ISO 14040 standard to compare the environmental performance of two alternative rail 
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track systems, i.e. gravel ballast and concrete tracks, as shown in Table 2.4. The Seoul– 
Busan high-speed Line in South Korea was chosen as the case study. The life cycles 
considered were from raw materials extraction to maintenance and use phase. The end-
of-life of the track systems was excluded due to lack of data. Assumptions were made; 
the track lifetime was taken as 20 years and the amount of materials and energy used 
during maintenance was assumed as being approximately 1% of the construction stage. 
The study found ballast track performed better than concrete track in all the impact 
categories and this was due to frequent maintenance of the former. However, it does not 
elaborate how the effect of frequent maintenance of the ballasted track reduced the 
impacts. The result does not follows the typical findings of other research literature such 
as Itoh and Kitagawa (2003), Crawford (2009), Du (2012) which revealed that asset 
system or component that require less frequent maintenance and has a longer service 
life-span was producing lower environmental impacts. This is due to the fact that the asset 
system or component consumes less energy and material resources during its operational 
lifetime.  
 
Table 2.4: Comparison of ballast and concrete track alternatives, with distribution of 
environmental impact indexes from each component (Lee et. al, 2008) 
 
Ballasts track Rail Tie Ballast Epoxy Diesel Gasoline Fastener 
Environmental 
impact index 
(unit) 
1.08x10
4
 8.19x10
5
 1.98x10
5
 1.23x10
3
 8.25x10
3
 5.88x10
2
 3.88x10
5
 
Percentage 
(%) 
0.76 57.44 13.87 0.09 0.58 0.04 27.23 
Concrete 
track 
Rail Tie Remicon 
Reinforcing 
rod 
Diesel Gasoline Fastener 
Environmental 
impact index 
(unit) 
1.13x10
4
 7.33x10
5
 1.14x10
6
 1.69x10
5
 7.43x10
2
 2.33x10
2
 3.48x10
5
 
Percentage 
(%) 
0.47 30.46 47.55 7.03 0.03 0.01 14.45 
 
In addition, Crawford (2009) presented GHG emissions of using timber sleepers and 
reinforced concrete sleepers. The analysis considered the initial replacement of the 
sleepers, subsequent (recurrent) replacements and also took into account GHG 
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emissions from gradual decay of timbers during their use and end-of-life phases. The 
author assessed a number of sleepers scenarios to investigate the effects of sleeper 
service life and fastening reuse had on the GHG emissions.  The assessment showed 
that concrete sleeper with a 50 year service life performed significant better than the best 
scenario timber sleeper (with a 30 year lifespan and 96% reuse of its fastenings) by 70%. 
In all cases, the reinforced concrete sleeper performed better than timber sleeper. One of 
the key factors of the observed difference was the service-life span where the timber 
sleepers have a lower service life compared to the concrete sleeper and the additional 
emissions due to the decaying process of new timbers during their service life which 
reduced the carbon lock-up benefit of using timbers. 
 
Stripple and Uppenberg (2010) conducted LCA studies on the Bothnia Line (Sweden). 
The analyses were used to produce quantified data for developing environmental product 
declarations (EDPs) for the Bothnia Line. This is the first railway route, worldwide, with 
EDPs certifications. The LCA studies revealed that the rail traffic operation consumed the 
largest share (53%) of the total primary energy of the entire railway system followed by 
the infrastructure construction (19%) as shown in Figure 2.10. The energy use covered 
the construction, maintenance and operation phases of the entire railway line for railway 
infrastructure and train traffic. In addition, the operation traffic comprised energy 
consumed to run passenger and freight trains and the infrastructure construction covered 
the energy use for initial construction of new tracks, tunnels, bridges, electric power and 
control systems. When it came to global warming impact, the infrastructure construction 
was the top contributor (68%) of the total greenhouse gas emissions. However, the rail 
operation contributed a very small (less than 1%) amount of the emissions since most of 
the energy was sourced from hydropower plants, as shown in Figure 2.11. The 
infrastructure construction phase was also the largest contributor to other impact 
categories assessed such as acidification, eutrophication, ozone-depletion and 
photochemical ozone creation. These were largely contributed from materials extraction 
and production of railway components where steel and cement concrete were identified 
as the dominant materials.  
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Note: Y-axis values, “5.00E+06” means “5.00 x 106” 
Figure 2.10: Use of primary energy resources for the Bothnia Line (Stripple and 
Uppenberg, 2010) 
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Note: Y-axis values, “5.00E+06” means “5.00 x 106” 
Figure 2.11: Emission of greenhouses gases for the Bothnia Line, contributing to global 
warming impact. (Stripple and Uppenberg, 2010) 
 
 
2.4.2 LCA case study on railway bridges 
 
Recently, Du (2012) carried out LCA analysis, comparing environmental performance of 
two alternative designs (i.e. ballast track and fixed-slab track) for the Banafjäl Bridge 
located along the Bothnia Line. The scope of the study was limited to comparing track 
system designs and the original and modification designs for the bridge superstructure. 
The bridge superstructure considered is an I-steel girder structure with reinforced 
concrete deck. The study has identified that the fixed-slab track system performs better 
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because it consumes less material since this design eliminates the use of ballast and less 
maintenance is required. Overall, as shown in Figure 2.12, the result from the study 
showed that the global warming potential and the acidification potential are significant, 
whilst the ozone depletion potential is negligible. The study also found that steel girders, 
concrete deck and the track rail were the primary contributors to environmental impacts 
for both alternatives due to large consumptions and high embodied loads in the materials 
production. 
 
 
 
Notes: Abiotic depletion potential (ADP), acidification potential (AP), eutrophication potential (EP), global 
warming potential (GWP), ozone depletion potential (ODP), photochemical oxidant creation potential (POCP) 
 
Figure 2.12: Environmental impacts for the Banafjäl Bridge with fixed slab design for track 
(Du, 2012) 
 
It is interesting to note that the results obtained from Du (2012) and Lee at. el. (2008) 
were different with Lee at. el. (2008) showing that the ballast track performs better than its 
concrete alternative. It concluded that the differences are probably due to the different 
study scope used in both studies.  
2.4.3 LCA case studies on non-railway steel bridges 
As concluded by the above section, there is limited LCA research having been conducted 
on railway bridges. With such a small sample of data, it is difficult to critically compare the 
studies and to conclude any important findings in confidence. Thus, other relevant LCA 
studies from highway steel bridges have been reviewed and included in the literature 
review to broaden the review. The types of steel bridges used for railway are, in general, 
Environmental Impact 
(Units) 
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similar for highways in which the common types such as steel girder and box girder 
bridges will be investigated. This review is conducted with the assumption that highway 
bridges are using similar materials and processes (i.e. in manufacturing, construction, 
maintenance and demolition) during their lifetime as compared to railway bridges. 
 
Widman (1998) conducted an LCA study on steel girder and steel box girder bridges with 
reinforced concrete decking. The aim was to identify the important environmental impact 
indicators for air emission and resources depletion and to find areas where improvement 
is necessary. The study has been conducted using three different environmental 
assessment methods, i.e. the EPS, the Environmental Theme Method and the Eco-
scarcity Method. The unit considered in this study was the environmental impact per 
square meter lane. Figure 2.13 shows the CO2 emission and energy use distribution for 
the steel box girder bridge. It shows that structural steel was the second main contributor 
to the CO2 emission and energy use after concrete. This is due to less mass (kg) of 
structural steel per square metre lane. Moreover, the pie charts also show a direct 
relationship between energy use and carbon emissions, with higher usage of energy with 
increase in CO2.  
 
 
Figure 2.13: CO2 emission and energy use result for a box girder bridge (Reproduced 
from Widman, 1998) 
 
 
Asphalt 2.3% 
Railings 4.1% 
 Construction 
steel  
39.8% 
Reinforcement 
steel 4.0% 
Concrete 
49.8% 
CO2 emission distribution 
Asphalt 5.7% 
Railings 5.1% 
Construction 
steel  
34.6% 
Reinforcement 
steel 10.7% 
Concrete 
43.9% 
Energy use distribution 
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In addition, CO2 and NOx are the dominant contributors for air emissions. The study 
revealed that fossil fuel for steel and concrete production and for combustion of road 
traffic engines are the main causes of the air emissions. It also revealed that alloys 
contributed the most impact to the resource depletion since the alloys contained 90% of 
molybdenum which is a rare raw material resource. The author suggested that 
optimisation of the amounts of material used during construction would reduce the total 
environmental burdens.  
 
Itoh and Kitigawa (2003) investigated a new steel bridge design called minimised girder 
bridge (MNB)  with respect  to CO2 emissions and costs and compared it to a 
conventional steel girder bridge, as shown  in Figure 2.14. Modified LCA approach was 
applied to calculate costs and CO2 emissions during the life cycle of the two bridge types.  
 
 
 
Figure 2.14: Illustration of conventional steel bridge and ‘minimised girder bridge’ designs 
(Itoh and Kitigawa, 2003) 
 
The investigation concluded that construction of the MGB consumed less amount of 
materials than the conventional bridge. As shown in Figure 2.15, its total CO2 emission is 
only 94% of the conventional bridge and the main girders and pavement have contributed 
major reduction in the emission. The paper also investigated different replacement cycles 
of bridge components, i.e. short, standard and long component lives and found that the 
conventional bridge contributed more CO2 emission than MGB in all cases due to more 
frequent replacement of the deck through the service life. Also, the components with 
longer lives contributed the least emission for both bridges.  It was concluded that 
prolonging the service life of a bridge component would be better in improving the life-
cycle CO2 emission.  
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Figure 2.15: Comparison of percentage CO2 emission of construction of bridges 
components (Itoh and Kitigawa, 2003) 
 
Hammervold et al (2013) presented LCA studies for 3 different types of bridges located in 
Norway, including a steel box girder bridge called the Klenevaagen Bridge. The bridge 
has a 42.8m span and is 7.5m wide, carrying two–lane road traffic. The objective of the 
study was to identify important parameters affecting the environmental performance of the 
bridge. The functional unit used was ‘1m sq. effective bridge surface area through 100 
years lifetime’. The CML 2001 (Guinée et. al., 2002) was selected as the impact 
assessment method. The study revealed that global warming, abiotic depletion and 
acidification are the three most significant impacts. As shown in Figure 2.16, the 
superstructure of the bridge including the steel box girder was the top contributor of the 
impacts due to significant energy being used during the steel production process. 
Concrete and the reinforcement came as the second and third contributors, respectively. 
The construction phase was the top contributor to these impacts. The end-of-life 
treatment phase contributed marginally due to the fact that all the steel and concrete was 
assumed to be recycled/ reused. The maintenance phase which covered painting, steel 
parapet replacements and pavement surfacing was found to have the least impact. 
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Figure: 2.16: Relative global warming (GWP), abiotic depletion (ADP) and acidification 
(AP) impacts for different bridge parts and life cycle phases (Hammervold et. al., 2013) 
2.4.4 Case studies discussion 
From the above review of the case studies, the following findings are made: 
 
a) Dominant life cycle phase of bridges 
The construction phase was the dominant phase during the life cycle of the bridges, 
contributing the most to the environmental impacts (Du, 2012; Widman, 1998; Itoh and 
Kitigawa, 2003; Hammervold et. al, 2013). This was due to high consumption of materials 
and energy resources during this phase for material productions.  
b) Dominant environmental impact categories of bridges 
Du (2012) and Hammervold et. al (2013) identified global warming, acidification and 
abiotic depletion were the three most significant environmental impacts. These were 
largely due to large consumptions of high energy intensive steel and concrete materials.  
c) Relationship between energy consumption and CO2 emission  
Energy use typically, but not necessary, has a direct impact on CO2 emission. Studies 
from Royzki at el (2003) and Widman (1998) show a direct relationship between energy 
use and carbon emissions. In Royzki at el’s (2003) study, it is shown that high primary 
energy consumption during train operations has attributed to significant amount of CO2 
emission. This is due to the fact that the majority of the primary energy used in the rail 
electricity mix is sourced from fossil fuel, i.e. 62% from coal, lignite and gas. On the other 
hand, train operations of the Bothnia Line were also found to consume a large proportion 
of energy but only contributed a very small amount of CO2 emission because most of  the 
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energy usage, i.e. 98% were sourced from hydropower and biomass.  The studies 
demonstrate that the source of energy, i.e. whether from carbon intensive (fossil fuel) 
energy or renewable, plays a key factor in greenhouse gases production.  
Furthermore, Svensson and Eklund (2007) argued that the use of the energy indicator 
was appropriate to represent the overall environmental impact of the materials. If the 
above statement is applied, then the high energy intensive materials do not necessarily 
representing the actual environmental impact on global warming.  
 
d) Evaluation of environmental performance with suitable environmental indicators 
Svensson and Eklund (2007), Crawford (2009), Widman (1998) and Itoh and Kitigawa 
(2003) primarily used energy consumption and CO2 emission as the environmental impact 
indicators to compare their alternatives designs of steel bridges and track sleepers. 
However, assessing the environmental performance of rail products with very limited 
environmental impact indicators will not give complete and well-balanced interpretations 
of the environmental performance of the products. It could lead to design improvement 
carried out on an impact category causing negative effect on others. The ISO 14040 
requires LCA study to be undertaken comprehensively by considering all the attributes or 
aspects ranging from natural environment, human health to resources within one study so 
that the potential trade-offs between the impact categories can be identified. 
 
e) Comparison between systems 
The comparison studies conducted by Lee et. al. (2008) and Du (2012) for ballasted and 
concrete track alternatives provided opposite results. Du (2012) stated that the difference 
is probably due to different defined study scope. One of the reasons may be due to 
comparing track system design supported on ground foundation and on a bridge. Lee et. 
al.’s study is about a concrete track system supported on the ground by a ‘Remicon’ 
concrete foundation which formed part of the track system. Table 2.4 shows that the 
‘Remicon’ concrete and reinforcements (that made up the foundation) contributed larger 
impact than the ballast. On the other, the study of Du (2012) is about a track system with 
rails fixed on the concrete deck of the bridge. Thus, the construction and maintenance of 
the concrete foundation (in Lee et. al. case) has added further environmental burdens 
compared to Du (2012) case. As stated by Du (2012), concrete fixed slab track design 
consumes less material in initial construction, has indicated that the concrete support for 
the rails is integrated into the bridge deck system. These cases demonstrate that one of 
the factors that affect result outputs is the technical scope defined for the study.  The ISO 
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14044 (ISO 14044, 2006) recommends that the equivalency of the systems should be 
evaluated before interpreting the results and this includes ensuring that the study scope is 
defined in such as way that the results can be compared. Thus, the results of these two 
case studies cannot be compared directly. 
 
f)  Maintenance scenario 
The current maintenance assumption for bridges in LCA is simplistic. It is assumed that 
the only maintenance carried out is repainting to protect the structural steels from 
deterioration. When it comes to the end of the bridge lifetime, the whole structure is often 
assumed to be replaced. In reality, many of the existing bridges are strengthened or partly 
renewed in order to prolong their service life. The current scenario seems conservative 
and could estimate a higher level of environmental burden. Other maintenance measures 
should be included in the studies to predict a more realistic result for interpretations. 
Moreover, comparison of different maintenance measures could identify environmental 
savings among these measures. 
 
g)  Components lifespan 
Crawford (2009), Du (2012) and Itoh & Kitigawa (2003) concluded that prolonging the 
service life of components of the asset would improve the environmental performance of 
the assets. Du (2012) found the frequency of the track replacement significantly 
contributed to the road traffic emissions arising from bridge closures.  This shows that the 
lifespan of the component is an important parameter in LCA studies. However, it is not 
easy to predict the lifespan accurately due to lack of reliable degradation data. 
Improvement to the prediction is required in order to produce more accurate 
environmental impact assessment. 
 
2.5   Combination of LCC and LCA using multi-criteria decision analysis (MCDA) 
This research work has adopted life cycle costing (LCC) to quantify the economic cost 
and life cycle assessment (LCA) to quantify the environmental consequences of railway 
bridge maintenance alternatives. However, a way is required to combine these LCC and 
LCA results so that an overall economic and environmental performance of different 
maintenance alternatives can be determined. Consequently, the best overall choice, 
among other alternatives, can be made. 
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Past research demonstrates that multi-criteria decision analysis (MCDA) is a widely used 
way to integrate or combine multiple objectives, such as economic and environmental 
objectives, to establish preferences between alternatives in reference to these objectives. 
There is evidence of its application in many sustainability or infrastructure appraisal 
research studies such as Gerváso and Simōes da Silva (2012), Jin (2007) and Lippiatt 
(2007). 
In addition, a graphical visualisation method is also available for analysing economic and 
environmental objectives. Martinez-Hernandez et. al. (2013, 2014) presented the 
Economic Value and Environmental Impact (EVEI) methodology for assessing the 
economic and environmental impact of bio-refinery products. The EVEI profile of a 
product is depicted on a graphical plot, with its economic value and environmental impact 
represented on y- axis and x-axis of the graph, respectively. The EVEI plot helps to 
evaluate and quantify the economic value and environmental impact of a product 
throughout its life-cycle. By using the EVEI, the environmental impact (EI) saving margin 
of a product with respect of a policy target is determined. Figure 2.17 depicts a generic 
EVEI graphical profile of a product. 
 
 
Figure 2.17 Generic EVEI profile of a product (Martinez-Hernandez et. al., 2014) 
 
2.5.1 Principles of MCDA 
MCDA is an approach and a set of methods dealing with complex issues that are 
characterised by multiple criteria through ranking alternatives from the most preferred to 
the least preferred option (Communities and Local Government, 2009).  It is a decision 
support tool that helps decision makers in identifying trade-offs between conflicting 
criteria. 
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There are many types of MCDA methods and these can be classified into two groups, i.e. 
multi-objective optimisation (MOO) and multi-attributes decision analysis (MADA) 
(Azapagic and Perdan, 2005). The MOO is used as a screening process for the 
elimination of non-optimal alternatives instead of eliciting the ‘best’ alternative (Azapagic 
and Perdan, 2005). On the other hand, MADA is used for eliciting the best alternative 
where the decision maker is able to indicate preferences for each objective.  
One of the factors affecting the choice of the appropriate MCDA method is examining the 
problems they address with respect to the number and type of alternative decision makers 
have to choose from (Azapagic and Perdan, 2005). MOO is used to deal with infinite 
number of alternatives by reducing the infinite numbers to a smaller and discrete 
numbers. One of the MADA methods may be utilised to assist with the elicitation of the 
most preferred alternatives if there are a large number of discrete alternatives remaining 
after MOO is performed. Hence, MADA is used for addressing discrete problems with 
finite alternatives. 
Considering the aim of this research work, which is to identify the best maintenance 
among pre-determined alternatives, MADA is an appropriate method. MOO will not be 
considered in this research work. 
According to Azapagic and Perdan (2005), the MADA method can be categorised into 
three types, i.e. elementary, value and utility based and outranking. Each type includes 
different MCDA methods. Considering that there are a large number of various MCDA 
methods available, it is not possible to discuss each method in detail within the scope of 
this thesis. The method that is implemented in this research work will only be reviewed in 
detail. 
However, the common MCDA methods, based on Guitouni and Martel (1998) summary, 
are summarised in Table 2.5:- 
Table 2.5:  Summary of MCDA techniques for MADA (Azapagic and Perdan, 2005 and 
Guitouni and Martel, 1998) 
MCDA Description  
Elementary techniques 
Lexicographic 
method 
Decision criteria are first ranked in terms of importance and the 
alternative that shows best performance on the most important criterion 
is chosen. 
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Conjunctive 
method 
The minimal acceptable levels of each criterion are used to screen out 
unacceptable alternatives: an alternative which does not meet the 
minimum acceptable level for all criteria is rejected. 
Disjunctive 
method 
The disjunctive model allows an alternative to pass if it meets a 
minimum threshold level of performance on at least one of a set of 
named criteria.  
Maximax 
method 
The overall performance of an alternative is determined by its best 
evaluation. The method scores an alternative with respect to the 
criterion for which it shows the best performance.  
Single synthesizing criterion 
Multi-attribute 
value theory 
(MAVT) 
Involves determination of partial value functions and establishing 
weights for each criterion to calculate a global value function, V. 
Additive and multiplicative models are used to obtain V. 
Multi-attribute 
utility theory 
(MAUT) 
Involves determination of partial value functions to calculate a global 
value function, U. Additive and multiplicative models are used to obtain 
U. 
Analytic 
hierarchy 
process (AHP) 
Measures relative importance of criteria and preferences for alternatives 
through pairwise comparison matrices which are recombined into an 
overall rating of alternatives by using eigenvalue method. 
Simple multi-
attribute rating 
technique 
(SMART)  
Simple way to implement the MAUT by using the weighted linear 
averages, which give close approximations to utility functions. The 
weights are defined using ratio estimation.  
Outranking techniques 
ELECTRE I An alternative is eliminated if it is dominated by other alternatives to a 
specific degree. 
ELECTRE II Uses two outranking relations (strong and weak). 
Combined economic and environmental assessment tool for maintenance of railway bridges 
60 
 
ELECTRE III The outranking is expressed through a credibility index. 
ELECTRE IV Similar to ELECTRE III but does not use weights. 
PROMETHEE Based on the principles of ELECTRE. It provides a partial order of the 
alternatives using entering and leaving flows. 
 
2.5.2 Application of MCDA in this research 
One of the factors for selecting an appropriate MCDA method is the approach of the 
decision maker whether to allow compensation between decision criteria considered 
(Azapagic and Perdan, 2005). This means that the strong performance on one criteria is 
not allowed to compensate for the weak performance on another criteria. According to the 
U.K. Government’s Manual of Multi-Criteria Analysis (Communities and Local 
Government, 2009), the use of non-compensatory method severely restricts the extent to 
which overall preferences between options can be established for transport projects. In 
reality, certain degree of compensation or trade-off is necessary between economic and 
environmental criteria for practical reasons to reflect the needs and constraints faced by 
public sector projects. This is relevant to the context of railway bridge maintenance 
because railway asset managers always try to procure the best maintenance solution 
within the constraints they face, whether they are budgetary, safety or environmental. In 
consideration of the above, the elementary MCDA methods will not be selected for this 
research work. These methods do not allow compensation between criteria and they 
consider that all criteria are important enough to refuse any kind of trade-off (Azapagic 
and Perdan, 2005).  
In addition, the selection of the appropriate MCDA method also depends on the following 
factors (Communities and Local Government, 2009):- 
 Ease of use by non-expert ,  
 Transparency of the logic of the method to decision makers , 
 Internal consistency and logical soundness ,  
 Realistic time and human resource requirement for the analysis ,  
 Ability to provide audit trail , and  
 Software availability or need. 
It is important for this research work to consider the above factors because the combined 
economic and environmental assessment tool is specifically designed for railway asset 
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manager to conduct decision analysis. The railway asset managers are non-experts. 
According to the Multi-Criteria Analysis Manual (Communities and Local Government, 
2009), an MCDA method chosen for public sector projects appraisal needs to provide a 
clear and readily justifiable audit trail. 
Among the well-known MCDA methods such as AHP and SMART, SMART is selected as 
the most appropriate method for this research work. SMART highly achieves the factors 
above because it is formulated for non-expert use. It provides consistency, logical 
soundness, transparent audit trail, ease of use and communication and ease of 
computation without the need to learn and use specific MCDA software. Moreover, a 
scoring and weighting MCDA method is recommended and practised by the the U.K. 
public sector. SMART is very similar to MCDA methods already practised by the U.K. 
public sector for appraising public sector projects. 
2.5.3 Simple Multi-Attribute Rating (SMART) 
SMART is a simple multi-attribute utility technique that uses weighted linear averages, 
scores and weights. The main steps of the method are stated below (Goodwin and 
Wright, 1998):- 
Step 1:  Identify the decision maker or decision makers. 
Step 2:  Identify the alternatives of action. 
Step 3:  Identify the attributes (criteria) which are relevant to the decision problem. 
Step 4:  For each attribute, assign values to measure the performance of the 
alternatives on that attribute. 
Step 5:  Determine a weighting for each attribute.  
Step 6:  For each alternative, take a weighted average of the values assigned to 
that alternative.  
Step 7:  Make a provisional decision. 
Step 8:  Perform sensitivity analysis. 
A drawback of SMART is the determination of the weight for each attribute, which is a 
subjective matter. SMART leaves the decision maker to specify the weight values and this 
may lead to difficulty in achieving consensus on the weights.  
An intuitively appealing way of achieving this is to attach weights to each criterion that 
reflect the relative importance of the criteria based on the decision maker’s preference 
(Goodwin and Wright, 1998). However, such an approach does not take into account the 
‘range value’ between the least preferred and the most preferred alternatives. If the 
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alternatives perform very similarly on a particular criterion, so that the range of values 
between the best and the worst options is small, then this criterion is unlikely to be 
important in the decision making (Goodwin and Wright, 1998). It should either be 
discarded or given a low weighting value despite being an important criterion to the 
decision maker (Goodwin and Wright, 1998 and U.K. Communities and Local 
Government, 2009).  
Goodwin and Wright (1998) and Communities and Local Government (2009) recommend 
using the ‘swing weighting’ technique to overcome this problem. This technique focuses 
on the range differences of the alternatives and how much these differences matter 
(Communities and Local Government, 2009).  
Therefore, this research work applies SMART with SWING, i.e. SMARTS technique, for 
deriving the combined economic and environmental score for each maintenance 
alternative.  
2.5.4 SMARTS case study 
There are other case studies using scoring and weighting method such as the ‘Building 
for Environmental and Economic Sustainability’ (BEES) by Lippiatt (2007).  Considering 
this research work utilises SMARTS as a way to aggregate the economic and 
environment performances within the combined economic and environmental assessment 
tool’s methodology, a recent case study using the SMARTS application for maintenance 
of highways bridges is discussed here. 
Jin (2007) used SMARTS to develop a decision support tool for determining the optimal 
maintenance plans for highway bridges, based on the trade-off between economic and 
environmental criteria. Prior to the aggregation of economic and environmental impacts, 
the environmental impacts were transformed into an aggregated environmental value, 
called eco-indicators. The indicators are calculated using a standard recognised life cycle 
impact assessment (LCIA) methodology named Eco-indicator 95 (Goedkoop, 1995). This 
enables the aggregation process between economic and environment aspects to be 
conducted.  
This model introduces optimisation before allowing aggregation of the economic and 
environmental score through a multi-objective optimisation technique called Pareto 
principle. The Pareto principle is used to identify the potential best maintenance plans 
which are the plans on the non-inferior curve as shown in Figure 2.18.  
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Figure 2.18: Representative graph showing cost and environmental score of maintenance 
plans with potential best plans on the Pareto non-inferior curve 
 
Then, the model applies another MCDA technique called SMART to choose the best 
maintenance plan among the few potential best plans. It transforms the cost and 
environmental values onto a same scale and assigns weightings to the cost and 
environmental attributes for aggregation purposes. The transformation involves applying 
relative strength of preference scale to enable the cost and environmental score values to 
be measured from the same performance scale perspective, i.e. 0-100, as shown in 
Figure 2.19.  
Finally, the overall economic and environmental weighted score for each potential best 
plan is calculated using the additive linear modelling Equation 2.4 below. The lowest 
weighted scored plan is selected as the best optimal plan. 
                   (Eqn. 2.4)      
where, 
     is the overall weighted score for ith maintenance plan, 
   and    are weighting factors for life cycle cost and environmental score, respectively; 
and 
    and     are relative strength of preferences for environmental score and life cycle   cost 
for ith  maintenance plan. 
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Figure 2.19: Relative strength of preference (Jin, 2007) 
 
2.6 Concluding remarks 
 
Two common LCC methods, i.e. Net Present Value (NPV) and Equivalent Annual Cost 
(EAC) have been reviewed in detail in this chapter. Discount rate and study period are the 
main parameters utilised for the NPV and EAC methods. Considering that the current 
research work focuses on assessing the unequal working life of alternative maintenance 
strategies, EAC is considered as the most appropriate LCC method for assessing the 
economic performance of the bridge maintenance alternatives. 
The two main LCC standards that are currently available are BS ISO 15686 (2008) and 
BS EN 60300-3-3 (2009). Agency and users costs are the main costs typically considered 
in LCC analyses. In the BS EN 60300-3-3 (2009) standard, the element matrix concept is 
suggested as a systematic way for calculating the total LCC cost. This concept is further 
considered in the subsequent methodology chapter for development of the combined tool.  
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From the review of the LCC case studies, it was found that the current Network Rail life 
cycle costing tool solely accounts for the agency cost, which includes cost of materials, 
labour, equipment and other costs directly associated with a maintenance work. The tool 
calculates LCC cost in NPV term. 
Based on the literature review, LCC assessment is currently focused on direct (agency) 
costs and indirect (users) costs including compensation costs due to traffic delays and 
unavailability. However, environmental impact costs (e.g. pollution cost to air, water and 
land) are not accounted for in current LCC assessments.  
Many of the railway maintenance and rehabilitation measures used have different 
performance life expectancies. As a result, different interventions are anticipated to yield 
different lifespan improvements to the life expectancy of aging bridges. EAC is utilised to 
overcome these unequal service life comparison issues within LCC.  
The timing of intervention can influence the service life performance of a maintenance 
treatment. Hence, it is important to identify the optimum intervening time for carrying out 
maintenance work during the life of the bridge. 
No LCA studies were found to be conducted to date on older metallic bridge structures, 
which are commonly found in railway networks. Recent LCA studies focus on modern 
forms of steel-concrete composite railway bridges. 
Recent LCA assessment studies concentrated on new bridge designs. None of the 
studies dealt with environmental issues of maintenance actions on old bridges such as 
riveted steel girder or truss bridges. The construction activities are well researched but in 
terms of bridge maintenance activities, only painting has been studied as the primary 
maintenance action. 
The vast majority of the data collected and used in the LCA studies are sourced from LCA 
inventory databases. Very limited amount of the data are sourced directly from 
participants and supplier chains that were involved in the studies. 
There are many MCDA techniques available. SMARTS is chosen as the most appropriate 
method for this research work. SMARTS highly achieves the factors above because it is 
formulated for non-expert usage. It provides consistency, logical soundness, transparent 
audit trail, ease of use and communication and ease of computation without the need to 
learn and use specific MCDA software. 
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3.0 Time-weighted valuation of environmental impact 
3.1 Introduction 
The aim of this chapter is to provide the background and justification for proposing a new 
time-weighted function for valuing environmental impact over time. The main purpose of 
the new time-weighted function is to be able to evaluate environmental effects arising 
from maintenance work occurring at different times. It is intended to help in decision-
making for identifying the benefit of delaying an environmentally adverse maintenance to 
a later time and comparing that benefit of the delay with other less adverse alternatives. 
Based on the assessment, the model aims to support asset owners managing the effect.  
This chapter starts by giving the reason for proposing a new time-weighted function for 
railway bridge maintenance. It discusses the validity for attaching time weights to 
environmental impact at different points in time by illustrating the limitations of LCA in 
time-accounting.  
The time-weighted function is intended towards evaluating environmental impacts, in 
general. However, as the currently available literature material related to this subject 
concentrates on the time-value of carbon, it is unavoidable that the discussions are 
primarily on the time-value of carbon related to the issue of global warming. Furthermore, 
the U.K. railway sector’s current initiatives and future technological development plans are 
focusing on carbon related issues. Based on the literature material currently available and 
the importance of the carbon issue in the U.K., the time-weighted function proposed is 
currently focused on the short-term benefit of delayed carbon footprint.  
This chapter reviews two main approaches, i.e. discounting and ton-year accounting, 
which are developed for providing carbon emissions a time-value and for calculating the 
benefit of delayed carbon emission. Finally, the strengths and limitations of the three 
approaches are discussed for choosing the most appropriate one to support the 
development of the new time-weighted method proposed here.  
 
3.2 Reason for delaying environmental impact in railway maintenance schemes 
Major rehabilitation carried out to aging railway bridges, such as deck replacement, is one 
of the frequently adopted measures. These major schemes could potentially consume 
vast quantity of resources and release significant amount of pollutants.  
The literature review has demonstrated that environmentally-improved innovations in 
terms of design and construction methods for railway bridges are still in their infancy. The 
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current environmental improvements are concentrated around better material recovery 
through recycling and reuse, general identification of carbon footprint of bridge forms and 
use of carbon accounting tools for design appraisals. This is shown by a list of recently 
published literature reviews associated with sustainable bridge studies such as Collings 
(2006) and Canning (2007). Based on the literature, solutions that lead to a big shift in 
railway bridge sustainable design and construction, such as less carbon intensive bridge 
forms and materials and use of renewable energy technology in bridge construction, are 
still lacking. 
However, there is a strong initiative and clear plan for creating a sustainable railway in the 
U.K. in the following decades, based on the Railway Technical Strategy Plan. The 
Railway Technical Strategy (TSLG, 2012) was first published in 2007 by the U.K. 
government. It defines the long-term (2040) vision for better performing and sustainable 
railway.  
The Railway Technical Strategy (TSLG, 2012) sets out the technical strategies to support 
the railway transformation through the use of technologies and technical developments. It 
sets out the strategies for delivering high energy efficient and sustainable infrastructure 
through the use of materials from renewable sources and low-embedded carbon in 
construction and maintenance of the infrastructure. For example, using low carbon 
concrete that contains fly ash to reduce the carbon impact is one of the suggested 
strategies.  The Railway Technical Strategy also sets out a timetable from 2012 to 2040 
for the technologies and technical developments to be delivered. This enables the 
implementation of low carbon materials and processes in the industry for infrastructure 
construction and maintenance by circa 2040. The following table 3.1 depicts some of the 
programme initiatives. 
Table 3.1: Examples from the Railway Technical Strategy initiative (TSLG, 2012) 
Embedded sustainable development infrastructure 
Low carbon 2010 – 2020 NR and EU research and development into low carbon 
infrastructure 
2012 – 2030 Promote and subsidy the use of low carbon materials. 
 
Given there is a clear long-term national investment plan and strong commitment for 
applying the improved environmental products and technologies in the near future, it is 
justifiable to consider the opportunity for delaying major maintenance schemes in the 
short term until an appropriate time. As stated by Levasseur et. al. (2012), delaying 
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carbon emission is favourable in the short-term since it allows buying time while new 
technologies are developed related to carbon reduction and mitigation (Levasseur et. al., 
2012). 
Time is one of the factors considered in decision making process. The decision makers 
have to decide the best-timing for investing in a maintenance scheme in order to produce 
least cost as well as keeping the environmental impact to a minimum. There are 
occasions where trade-off between impacts in the present and in the future has to be 
assessed (Hellweg et. al, 2003). In this case, deferring maintenance can be an alternative 
measure for decision consideration. This is particularly useful for managing large potential 
emissions in the short term and allowing time for less energy intensive and low 
environmental emission innovations being developed for the railway infrastructure 
products and construction technologies. This brings the question whether impacts 
occurring at different times should be given the same weighting in the decision evaluation 
process.  
Moreover, deferring asset maintenance works is common for the U.K. infrastructure 
industry. This happens when the maintenance budget is inadequate to undertake all the 
identified maintenance workloads and hence the works have to be prioritised (ICE, 2008). 
Thus, it is possible to include the delay approach as a maintenance option in decision 
analysis.  
 
3.3 Limitation of conventional LCA in terms of time value 
One of the limitations of traditional LCA is that it makes no explicit differentiation between 
emissions and ultimately impacts at different points in time (Hellweg et. al., 2003). This 
means there is no differential treatment to impact occuring at different point of times. The 
amount of impacts that are generated, for example, from a maintenance action today and 
in the next 50 year is treated equally in the LCA analysis. Though, it implicitly accounts for 
temporal factor such as when applying a temporal boundary, for example 20, 100 or 500 
year time horizons, for the effect of global warming (Hellweg et. al., 2003). 
The following shows, through an example, the limitation of the standard combined 
assessment model in handling deferred type maintenance situations that use traditional 
LCA. A deck replacement is studied below, as shown in Table 3.2, with the impact results 
estimated by standard models. Let us assume that the original year of the scheme 
implementation is 2015 and the service life duration of the replaced deck is 75 years. A 
series of delays of the scheme for replacing the existing deck are examined, ranging 
consecutively between 1 to 10 year delays. 
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Table 3.2: Example of deck replacement scheme 
Year of action Activity Quantity 
0 Deck replaced 46m2 
75  Deck removal and disposal 46m2 
 
 
 
                   Note: Y-axis values – “2.0E-10” means “2.0 x10-10” 
Figure 3.1: Steady state annualised aggregated impact for deck replacement delays by 0 
to 10 years. 
 
Figure 3.1 shows the annual aggregated environmental impacts (Agg. EI) for year 0 (no 
delay) and delays that occur between years 1 and 10. The annual aggregated impacts 
with no delay and with delays are constant at 9.73 x 10-10 indexes. This is because the 
LCA steady-state model makes no explicit differentiation between emissions and hence 
the impacts at different points in time (Hellweg et. al., 2003).  
To explain further, the steady state scenario is best illustrated at (non-annualised) 
aggregated impact level using Figure 3.2. The aggregated impact of deck replacement in 
2015 does not change when the activity defers to 2025. Equally the same applies to the 
demolition impact. Since the steady-state model is lacking in temporal function, the 
combined model does not account for time-related condition such as delay time. 
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Therefore, the scheme life cycle period for both ‘no delay’ and ‘with delays’ cases stays at 
75 years which is the expected life of the new deck. 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Steady state scenario for rehabilitation scheme deferred from 2015 to 2025. 
 
If the combined economic and environmental assessment tool is required for assessing 
the environmental effect of delayed maintenance type strategies and identifying the best 
delayed scheme, it needs to be capable of differentiating the weights of impacts occuring 
at different points in time. A new time-related weighting function is required and added to 
the combined assessment model so that the model can capture time-preference and 
evaluate the time-value of impacts. The purpose of delaying a significant maintenance 
work is to encourage deferment of adverse impacts, which are not able to be mitigated in 
the short-term by current technologies, until they become available in the future. The new 
time-weighting is proposed as an additional optional function for the decision analysis in 
the combined assessment model. 
The issues that need to be addressed by the time-weighting function are as follows: 
 In order for the model to be able to weigh the importance of the impact occurring 
at different points in time, the time-weighted function applied requires that time is 
given a value. 
 Once there is a value for time, then the combined assessment model using the 
new time-weighting function is capable of capturing time-preference, i.e. giving 
more weigh (importance) to the impact occurring at present as compared to the 
future.  
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 The merit of the bridge maintenance delay option can be evaluated and compared 
with other alternatives analysed. 
Hence, the appropriate approach applied in the time-weighting factor shall address the 
criteria above.  
 
3.4 Review of time-value approach developed in LCA 
A method is required to provide relative values of impact at different points in time and to 
account for the benefit of delayed emissions, so that the benefit of delayed measures can 
be assessed as part of the railway bridge maintenance decision process. So far, an 
appropriate assessment method for use in the field of bridge maintenance is non-existent 
and this research reviews other fields for guidance. 
To begin with, the Intergovernmental Panel on Climate Change (IPCC) global warming 
potential (GWP) is developed to quantify the potential impact of climate change relative to 
time. As defined in the IPCC (2007), GWP is a “ratio of time-integrated global mean 
radiative forcing of a pulse emission of 1 kg of a GHG relative to 1 kg of CO2 reference 
gas”. This means all GWP of greenhouse gases (GHG) is accounted relative to gas 
reference CO2. It was developed to allow comparisons of impact for different greenhouse 
gases (GHG) on climate change, thus enabling policymakers to compare emission 
abatement opportunities (EPA, 2017 and IPCC, 2007). The global warming impact of 
GHG is time-dependent and the impact of the GHG changes over time. The GWP is 
quantified in time-integrated into three fixed time horizons, i.e. 20, 100 and 500 years 
(IPCC, 2007).  
The GWP of a GHG at different points in time depend primarily on radiative efficiency and 
perturbation lifetime of the gas in the atmosphere (EPA, 2017). The radiative efficiency 
corresponds to the infrared absorption of a GHG, and subsequently affected by the 
concentration of the GHG in the atmosphere. As the concentration of a GHG increases 
more infrared radiation is absorbed, potentially contributing to the GWP increase (Arrow 
et.al. 1996). A GHG with short lifetime decays and removes faster compared to a GHG 
with a long lifetime. For instance, the CFC-11 which has a 45 years lifetime has GWP of 
6,730 over 20 years and GWP of 1,620 over 500 years (IPCC, 2007). Conversely, the 
CFC-13 that has a similar radiative efficiency value as the CFC-11 but with a longer 
lifetime 640 years has a GWP of 10,800 over 20 years and 16,400 over 500 year (IPCC, 
2007).Therefore, a short lifetime gas may initially have a significant effect due to its high 
concentration in the atmosphere during the initial short period but for longer period has 
less effect. A high GWP value typically correlates with a large infrared absorption and a 
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long lifetime of the GHG. The GWP values of various GHG gases estimated in the IPCC’s 
Table 3.14 ‘Lifetime, radiative efficiency and direct GWPs’ (IPCC, 2007) are affected by 
the lifetime and the radiative efficiency.22 
Moreover, GWP of all GHG gases depend on the Absolute Global Warming Potential 
(AGWP) (IPPC, 2007). Thus, any changes to the AGWP CO2 value will affect the GWP 
calculated for all GHGs. The AGWP of the CO2 is dependent on the radiative forcing that 
is affected by the current background concentration of the CO2 in the atmosphere. Any 
increase of the concentration level will contribute to the CO2 level in the atmosphere, 
potentially resulting in the AGWP of CO2 increase.  
The review of past and present literature has found that discounting and ton-year are the 
main approaches that create a time-value for carbon emissions and damage impacts. 
These approaches are currently applied in the assessment of temporary carbon storage 
in land use change, forestry projects and greenhouse gas accounting for biofuel. 
Fearnside et. al. (2000), Hellweg et. al. (2003) and the EPA (2009) used discount rates to 
assess cost and benefit of carbon emission or damage impact at different points in time. 
Lashof ton-year accounting (Fearnside et. al., 2000) is proposed for calculating the benefit 
for delaying carbon emission through slowing deforestation. It is clear that there is no 
consensus among the scientific community on ‘the best approach’ for accounting the 
benefit (credit) of carbon storage and delayed emission activities. The following review 
discusses the main methods currently available. 
 
3.4.1 Discounting 
 
Discounting is one of the approaches providing time-value for emitted carbon at different 
points in time. The following table 3.3 presents a list of literature studies that have applied 
discounting mainly to carbon emissions. 
 
Table 3.3: Summary of literatures on the use of discounting in environmental impacts. 
Literature references Applications of discounting 
Fearnside et. al., 2000. 
Accounting for time in mitigating 
global warming through land-use 
change and forestry 
 
Discounting is applied to the estimated ton-year 
benefits (Mg C years equivalent). Discount rates 
applied are between 1% to 6 % for sensitivity 
analyses and are not based on any approach.  
Discounting is one of the parameters that specified 
value for time. It is argued that the choice of 
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specifying a value for time which reflects the 
society’s time preference is inevitable. 
Hellweg et. al., 2003. 
Discounting and the environment: 
should current impact be 
weighted differently than impact 
harming future generations? 
 
Discounting is applied to the future impacts of a 
slag landfill study.  The damage impact (quantified 
in ecopoints) from cadmium (Cd2+) and copper 
(Cu2+) emissions on the slag landfill is modelled 
using the Swiss Method of Ecological Scarcity  
Discount rates used for sensitivity analysis are 
between -1% and +1% (following the social rate of 
preference value with pure time preference 
specified as 0) and extreme rates used are +/-5% 
and +/-10%. 
Hellweg et. al. examined the motive for applying 
discount rates on environmental issues. This 
includes discounting to change the magnitude of 
damage, for pure time-preference, productivity of 
capital and uncertainties. 
O’ Hare et. al., 2009. 
Proper accounting for time 
increases crop-based biofuels’ 
greenhouse gases deficit versus 
petroleum.  
 
Discounting is applied on the new fuel warming 
potentials proposed in this paper where the net 
present values of biofuel and fossil fuel are 
calculated. Radiative forcing emitted from the fuel 
use and damage function constant is discounted to 
produce the net present value of the fuel impact. 
The discount rate used is 3% for a 100-year time 
horizon but no explanation is provided why this 
value was used. 
Environmental Protection Agency 
(EPA), 2009. 
Draft regulatory impact analysis: 
changes to renewable fuel 
standard programme. 
 
EPA developed a life-cycle greenhouse gas 
emission methodology for estimating the 
greenhouse gas emissions for different types of 
biofuel and comparing them with the emissions 
from petroleum and diesel fuels. 
Discounting is applied to future emissions for 
differentiating the relative importance of near-term 
versus longer-term emissions, hence, allowing 
direct comparison between emissions released 
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from biofuels over time and petroleum fuel.  
Two scenarios were analysed, using a 2% discount 
rate for 100-year time horizon and 0% discount rate 
for 30-year time horizon. However, the reason for 
specifying these parameters is not clearly 
explained. 
Levasseur et. al., 2010. 
Considering time in LCA: dynamic 
LCA and its application to global 
warming impact assessments. 
 
The paper applies discount rate on the calculated 
dynamic LCA results (i.e. time-dependent global 
warming potential) to obtain net present values of 
cumulative radiative forcing results.  
The motive for discounting is purely for allowing 
comparison between the dynamic LCA results and 
the EPA (2009) discounted greenhouses gas 
emission (using traditional LCA analysis) results, 
and the discount rates applied follows the EPA 
rates, i.e. 0% and 2%. 
Marshall and Kelly, 2010. 
The time value of carbon and 
carbon storage: clarifying the 
terms and the policy implications 
of the debate. 
The paper applies discounting on damage and 
benefits of temporary carbon storage and delayed 
emission projects.  
The use of discounting for comparing future 
emission to present emission is basically to 
evaluate the magnitude of damage due to a unit of 
emissions in the future compared to the value of 
damage caused by a unit of emission today. 
Furthermore, a new discounting method is 
proposed, based on the social cost of carbon, to 
derive new discount rates for computing discounted 
carbon emissions and avoided benefits.  
 
Based on the review of the literature, the following key points are observed. These are 
discussed further in the following sections. 
 The discounting approach has been used to discount environmental concerns, 
particularly related to carbon footprint, but it is not universally practised. 
 There is no clear consensus for discount rate values applied for environmental 
related studies. The literatures including Hellweg. et. al. (2003), pointed out that 
Combined economic and environmental assessment tool for maintenance of railway bridges 
75 
 
discount rate is a value-laden choice and scenario analyses using different rates 
are often conducted in the studies.  
 The discounting is applied on environmental emissions (e.g. CO2) as well as 
environmental impacts (e.g. damage end-impact, damage cost/benefit and global 
warming radiative forcing). A number of literature studies, such as O Hare et. al. 
(2009) and Marshall and Kelly (2010), suggested that discounting should be 
restricted to damage or radiative forcing instead of the emission quantity. 
 
3.4.1.1 Issues associated with application of discounting in environmental assessment 
 
In economics, money has a time value and this means that, for example, £1 in the future 
is worth less than the value of £1 today (FHWA, 2003); discounting is the mechanism that 
captures this time-value of money principle by converting future monetary values into their 
present worth values. This principle is essentially about practising time-preference, i.e. 
people generally tend to attach a lower weight to monetary cost or benefit in the future 
than current cost and benefit (Turner et. al, 1994). 
 
Table 3.3 shows that discounting has been applied in various environmental analysis 
studies, ranging from temporary carbon storage to renewable fuel analyses, for defining 
time-value of environmental issues. However, its application in environmental studies is 
not universally practised. The two key issues frequently raised about discounting are as 
follows: 
 
a) Assumption that future environmental damage would be lower than the current 
damage 
 
As quoted in the Brandão and Levasseur (2011), “Economists often assume that future 
costs will be lower than present costs and so apply discount rate. While this assumption is 
being accepted in economic theory, this is not necessary for environmental issues in 
which the future emissions are assumed to have less impact than emissions today. ”  
 
It is agreed that future emissions can cause more damage impact than emissions emitted 
today and vice-versa. However, the discounting procedure is possible to accommodate 
both scenarios through either positive or negative discount rates. The possibility of 
discount rate being negative is discussed by Marshall (2009). It is suggested that a 
negative discount rate would be appropriate for capturing the behaviour of potential 
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emission damages over time for situations where future emissions are more harmful than 
present emissions with future mitigation measures being more important than the current 
ones. This shows that, within environmental context, discounting is considered for both 
assumptions, i.e. future emissions can cause more impact as well as less impact than 
current emissions. However, no case studies have been found, so far, that demonstrate 
the use of negative discount rate for discounting future impacts.  
 
The choice of whether to discount and the assumptions made very much depend upon 
the application context for discounting. A positive discount rate indicates the short-term 
delayed maintenance as beneficial and therefore the impact from the future emission 
should be assumed as carrying less weight compared to the present emission. By 
proposing using a positive discount rate for the time-weighted function, this creates the 
benefit consequence for carrying out short-term delay to maintenance emission. On the 
other hand, a zero discount rate is not appropriate for the time-weighted function as it 
suggests that the delayed maintenance measure is neither beneficial nor not beneficial to 
the bridge maintenance decision-making. A negative discount rate is also inappropriate 
since it does not support the purpose of considering delayed maintenance options. In 
summary, the use of a positive rate value and the assumption where future impact carries 
less weigh than current impact fits well with the objective of this research context, i.e. 
proposing the new time-weighted function for considering the merit of delayed 
maintenance options. 
 
b) Inter-generational fairness and equity issue 
Discounting also raises an ethical issue about intergenerational equity. Since discounting 
is giving lower weight to cost and benefit incurred in the future, the wellbeing and interest 
of future generations would not be treated equally as the current generation. Because of 
this apparent discrimination against the future, environmentalists frequently objected to 
discounting (Turner et. al, 1994). This argument plays out in certain cases. For example, 
for a stored nuclear waste project, discounting makes the long-term future damage of the 
project become significantly reduced when converted into present value during the 
analysis (Turner et. al., 1994). This makes the future damage from nuclear waste seem 
insignificant as compared to the current immediate damage. Also, for projects where the 
environmental benefit occurs very later in the future, such as afforestation, discounting 
would decrease the afforestation benefit making it harder to justify the worth of the 
project. In these cases, discounting tends to compromise the interest of the future 
generations.  
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A total rejection of the discounting should not be carried out blindly in this research 
discussion. In certain mitigation projects, discounting is relevant. For mitigation projects 
where investment in order to reduce future pre-mature death is considered, people tend to 
put higher value on the current cost of the investment project and thus discounting makes 
sense (Field and Field, 2004). Therefore, the use of discounting for environmental issues 
very much depends on the context of the project policy.  
Hence, the question that should be asked is whether discounting makes sense or is 
appropriate to the context of this research aim. The underlying intention of the short-term 
delayed maintenance action is to provide an alternative choice to help the managers 
avoid immediate large resource consumption caused by conventional bridge replacement, 
by keeping the existing bridge in-service as long as possible and allowing the industry 
time to invest and develop a less carbon-intensive replaced bridge. Basically, this 
measure is helping towards mitigating the immediate large amount of carbon emissions 
and potentially is reducing future emissions. It is considered a positive move towards 
encouraging the industry to make use of their existing asset as long as possible and 
identify the best time to maintain that would give the best potential carbon reduction 
outcome.  
In addition, the replacement delay is for the short-term, potentially for 5 to 25 years, until 
the low-carbon technology for bridges would be implemented by circa 2040 or at the end 
of a 30-year temporary repair service life carried out on the existing bridge. As it is 
anticipated, the delay is for the next 25 years and this action is considered occurring 
within the same generation; it is assumed that a generation generally spans over a 30 
year period. Therefore, impact on the ‘inter-generational equity’ should not be an issue. 
As argued by Field and Field (2004), the best approach to deal with the use of discounting 
is to combine it with the idea of sustainability, where discounting is appropriate as long as 
it does not reduce environmental capital of the society in the long run. 
 
3.4.1.2 Discounting physical environmental unit 
 
The review of the literature shows that discounting is applied on environmental impacts 
and cumulative radiative forcing that relates to the global warming impact. For instance, 
the EPA reports (2009 and 2010) discount greenhouse gas impacts when conducting 
biofuel life-cycle analyses to obtain net present value (NPV) greenhouse gas emissions. 
The LCA damage impact (in the form of eco-points) was discounted in the Hellweg et. al. 
(2003) slag landfill studies. Whilst, Fearnside et. al. (2000) and Levassuer et. al. (2010) is 
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discounting cumulative radiative forcing of greenhouse gases when considering time-
preference effect in temporary carbon storage benefit (i.e. carbon ton-years equivalent) 
and global warming intensity calculations, respectively. It shows that discounting is 
applied to different forms of physical environmental unit. It seems there is a loose 
conditioning on how the discounting should be practised on physical environmental unit. It 
appears there is lack of coherent opinion and guideline for discounting physical carbon 
unit.  
 
The question is whether it is appropriate to apply discount rate on physical carbon unit, 
particularly on equivalent carbon emission unit used in the combined assessment model. 
The opinions generally fall into two groups, depending on how strict the interpretation is 
and the simplifying assumptions laid down, as the relationship between emissions and 
damages for global warming is a complex one. Following a strict interpretation, a number 
of scientific researchers such as O Hare et. al. (2009) and Richard (EPA, 2009) stated 
that discounting should be restricted to discounting carbon damage impacts rather than 
emissions. This is because the carbon physical quantity emitted in the future does not 
change with respect to being emitted at present time, i.e. 1 unit of burned timber emits A 
kg CO2 regardless when the timber is burned in year 2015 or 2030. What changes is the 
level of damage at different points in time, through use of discounting, that reflects the 
trade-off of the damage at different points in time (K.Richards:EPA, 2009). Based on this 
view, it is the damage value that should be discounted. 
 
An alternative perspective is discounting that can be used on carbon emission if the 
emission is treated as a proxy for potential damage caused by global warming (J. 
Fargione, R. Heimlich and even K. Richards: EPA, 2009). This view is also supported by 
Marshall and Kelly (2010) by clarifying that discounting the future carbon emissions to 
their relative present emissions is basically a short-cut in representing the damage value 
caused by a unit of emission in the future in relative to the damage value caused by a unit 
of emission today. In this assumption, the change in emissions would lead to change in 
damage. The relationship between carbon emissions and damage impact is shown by the 
K. Arrow’s chain of causality of climate change flow chart below (Arrow et.al.,1996) in 
Figure 3.3.  
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Figure 3.3: Chain of casuality of climate change flow chart (Arrow et. al, 1996) 
 
The damage is the negative impact produced by a CO2 pollutant on the human and 
physical ecosystem, such as human health impact, agriculture crop loss and species 
extinction (Field & Field, 2002). The emission of greenhouse gases such as CO2 
contributes to the global warming phenomenon. According to Arrow et. al. (1996), the 
relationship between the emission and damage comprises of several links of chain, 
starting from gas emission to ambient concentration of the gas in the atmosphere, leading 
to temperature increase, to climate change and damage impact to human and ecosystem, 
and finally the economic valuated damage. The first link is between emission and the 
resultant ambient concentration (atmospheric stock) of the CO2 in the atmosphere. The 
increase of the atmospheric concentration is not straightforward as it is subjected to the 
increase of the CO2 emission as well as the uptake of the gas from the atmosphere by 
natural sources and sinks such as oceans and forests. Then, the second link is between 
the ambient concentration and temperature increase. As the ambient concentration of the 
CO2 in the atmosphere increases, more infrared radiation is trapped and resulting in the 
greenhouse effect. Next, the third link is showing the temperature increase (greenhouse 
effect) that leads to physical effects on the climate (climate change) such as sea level 
rises, melting of glaciers and changes in meteorological patterns. Subsequently, the 
effects of climate change would cause impacts on the human and ecosystem. Because 
Arrow discussed the damage impacts in terms of cost and benefit perspective, the final 
link is showing these damages being valued in economic (monetary) term.  
 
The above clarifies the causal chain between carbon emissions and damage caused by 
global warming. It also shows that the chain is complex and subjected to high degree of 
uncertainty (Arrow et, al. 1996). For instance, the damage function does not only depend 
Emissions 
Ambient concentration 
Temperature increase 
Economic damage 
Physical impacts 
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on the rate of carbon emitted, but also on other parameters including the atmospheric 
carbon concentration stock as well as uncertainties related to climate change impacts 
(such as uncertainties in global climate models and prediction of the damages). Moreover, 
damage function for climate change is also driven by current and future atmospheric 
concentration stock as the global warming effect has a very long life. Figure 3.4 from 
Stern Review Report (Stern, 2007) below shows the relationship between different CO2 
concentration levels, temperature increases and predicted damages. 
 
 
Figure 3.4: Potential damage impact to food caused by different range of CO2 
concentration stock and predicted increase in temperature (Stern, 2007). 
 
It is beyond the scope of this research project to discuss this complicated relationship 
further. Instead, it needs to be pointed out that carbon emission is not the only actor that 
influences the damage and, hence, the use of carbon emission as the proxy for 
calculating the damage value is a simplifying assumption. However, the use of the 
assumption is considered viable for assessing the short-term bridge maintenance delay 
since the proposed combined assessment model is for comparative studies and the 
assumption would be applied consistently to all options considered. 
 
The discount rate applies for calculating the benefit of short-term delayed bridge 
maintenance work, which is essentially for practising time-preference. Fearnside et. al., 
2000 pointed out that when creating time-value for calculating the benefit of delayed 
emission, the discount rate should be taken into consideration as it reflects the time-
preference.  
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3.4.1.3 Discounting for time-preference  
 
The purpose behind discounting the carbon emissions is to compare the benefits of 
delays that occur at different times in a railway project. As these are public sector 
projects, the social rate of time-preference is the appropriate concept to apply as it 
reflects the society’s time preference; i.e. the rate at which society is willing to trade 
current for future consumption (EPA, 2010). Most of the literature material found such as 
Fearnside et al. (1997), Hellweg et. al. (2003), EPA (2010) and Levassuer et. al.(2009), 
included discount rates to take account of the time-preference. 
 
There are two alternative perspectives that exist for deriving the value of discount rates, 
i.e. a prescriptionist and descriptionist (Fearnside et. al., 1997). The prescriptionist 
approach is based on ethical principles and generally involves assigning a low discount 
rate value, whilst the descriptionist is based on observed actual behaviour.  
 
The purpose of social discounting is to compare benefit and cost that occurs at different 
times based on the rate at which society is willing to make such trade-offs. The rate at 
which society is willing to trade current for future consumption (the social rate of time 
preference) is the appropriate discounting concept (EPA, 2009). One way to estimate the 
discount rate for social rate of time preference is by using the Ramsey framework shown 
in Equation 3.1 (Hellweg et. al., 2003):  
 
                         (Eqn.3.1) 
where,  
      is the pure rate of time preference which accounts for society impatience,  
     is the rate of economic growth, and  
  is the elasticity of the marginal utility of consumption. The marginal utility of 
consumption reduces as income increases.  
 
For the decriptionist perspective, the pure rate time of preference should be accounted for 
since people in general do attach less importance to future events than present (Hellweg 
et. al., 2003). So, the pure time of preference should be properly accounted for and 
should not be zero. On the other hand, the prescriptionist perspective argues that the 
pure rate of time preference should be very low or zero since welfare of the future 
generation should be of concern to us and all generations deserve equal treatment 
(Hellweg et. al., 2003). The typical discount rate value ranges between 3% - 6% for the 
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descriptionist perspective and between 0.5% - 3% for the prescriptionist perspective 
(Fearnside et. al., 1997)  
 
Based on the above discussions there appears to be a wide difference in view between 
these two groups and there is not an appropriate rate agreed. Thus, the best way forward 
is to undertake sensitivity analyses to examine various discount rates when carrying out 
discounting on carbon emission for railway maintenance alternatives.   
 
3.4.1.4 Discount rate for accounting marginal damage over time 
 
Marshall and Kelly (2010) argued, other than capturing the time-value of money with the 
normal economic discount rate, that the discount rate applied on carbon emission should 
also consider the potential marginal damage expected from a unit of emission. Marginal 
damage is the damage stemming from a unit change in carbon emission such as CO2 
(Field & Field, 2002) and the damage is measured either in monetary or in physical 
damage terms. The marginal damage might not be constant over time as the level of 
future damage caused by a unit carbon emission may be different than its current 
damage. For instance, the increase in future marginal damage may be caused by slowing 
down of CO2 atmospheric decay rate due to increase in CO2 concentration stock. This 
stock increase may be caused by increase in atmospheric CO2 level that impacts on 
absorptive capacity of carbon sinks (Marshal, 2009).  
 
The discount rate value to be applied to the carbon emission should consider the change 
in the marginal damage over time (Marshall, 2009). If the future marginal damage from 
emissions is increasing over time, then there would be greater weight assigned on future 
damage in relation to the current damage. The increase in future marginal damage 
reduces the benefit of delaying the current emission. Therefore, the appropriate discount 
rate proposed should be lower than the one normally used in economic discount rate 
(Marshall, 2009). If the future and present marginal damage is constant, then the 
proposed discount rate is only affected by the economic discount rate (Marshall and Kelly, 
2010). In extreme cases, if the marginal damage is growing very quickly over time, then 
the future damage will be significant relative to the current damage. The appropriate 
discount rate to apply may even be negative (Marshal, 2009).  
Other literature studies that use discount rates such as O’Hare (2009), Fearnside (1997) 
and Levassuer et. al. (2010) are considering constant marginal damage scenario. 
OHare’s studies assumed a constant marginal damage with respect to time when 
proposing the fuel warming potential. Fearnside and Levasure used constant CO2 
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concentration background and a fixed radiative forcing efficiency (ao) from Bern’s CO2 
decay model when calculating temporary carbon storage benefit over time. This is 
reflecting that marginal damage over time is constant. In addition, Hellweg et. al. (2003) 
suggested that it is better to use impact assessment to analyse the change in the 
marginal damage over time, through scenario analyses with different background 
concentration levels. 
 
The use of discount rate to a physical carbon unit is to reflect the relative weights of the 
damage done by emission in each time period (Marshall and Kelly, 2010). As a result, 
Marshall and Kelly (2010) proposed an approach to calculate the discounted carbon 
emission by incorporating the relative weighted damage into the discount rate. The social 
costs of carbon (SCC) was used to derive the discount rate value since they are the 
estimated damage generated in monetised term that is associated with carbon emission 
in various time periods. The Marshall and Kelly (2010) approach for calculating the 
‘damage-weighted’ physical discount rate is depicted by using an example in Table 3.4. 
The example considers the social cost of carbon estimated by the U.S.A. governmental 
interagency working group between years 2010 to 2030. The second column is showing 
the undiscounted social cost of carbon values estimated. The third column shows the 
discounted social costs relative to the 2010 present values based on a 2.5% discount 
rate. The purpose of a physical discount rate is to generate a path of physical unit weights 
that equals the path of damage weights to the relative year 2010. Therefore, the fourth 
column calculates the index of the weight of damage in a given future year relative to the 
damage in current year 2010. It is basically the ratio of the net present social cost of a 
given year over the net present social cost of the relative year 2010, i.e. B/A. The last 
column illustrates the path of appropriate physical carbon discount rate. For instance, if 
the damage value from a unit of emission in year 2030 is 86% the value of the damage 
from a unit of emission in year 2010, then the physical discount rate will be the one which 
produces a discounted unit weight of 0.86 in the year 2010, as shown in Equation 3.2:  
 
       
 
              
 
 
       
 
 
 
 
(Eqn. 3.2) 
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Table 3.4: Example of physical carbon discount rate calculation (Marshall and Kelly,2010) 
Emission 
year 
U.S.A. Federal 
Interagency 
Working 
Group’s SCC 
(A) 
Net present value 
of the SCC, 
assuming 2.5% 
discount rate 
(B) 
Weight of 
damage relative 
to Year 2010 
 
(B/A) 
Physical 
discount rate, r 
 
 
      
 
2010 
(base 
year) 
$35.10 $35.10 1.0 0.0 
2020 $41.70 $32.60 0.928 0.749 
2030 $50.00 $30.50 0.869 0.703 
 
 
The limitations of the physical carbon discount rate are summarised below:  
 Because it is derived from social cost of carbon which only considers the cost of 
damage from CO2 gas, the discount rate can only be applied to CO2 flow. Climate 
change is affected by other gases as well, such as methane and NO2. The 
physical discount rate may not be an accurate indicator for assessing time-value 
of damage from climate change. 
 
 Although Marshall’s research shows that discounting can be used for valuing time-
value of CO2 in relation to future damage impact, so far only CO2 emission can be 
evaluated. As the delayed impact assessed in the research work would include 
other greenhouse gases and other potential impacts, the use of the discounting for 
assessing marginal damage of different gases and other potential impacts would 
be difficult, if not impossible. There are no studies available in the literature in this 
area.  
 
 
3.4.2 Tonne-year approach 
 
Tonne-year accounting (also known as Megagram (Mg)-year accounting) calculates the 
credit (in kg CO2e) awarded for holding carbon out of the atmosphere for a given number 
of years (Brandão and Levasseur, 2011 and Marland et. al., 2009). It is generally used for 
accounting the benefits of temporary sequestration and capture activities such as 
comparing forestry mitigation measures. 
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The benefit of delaying deforestation is long recognised in the land-use change and 
forestry sector as a valid measure for mitigating global warming. According to Fearnside 
et. al (2000), the delay credit on a fixed time horizon has given time a ‘value’. The tonne-
year approach is based on establishing a finite time horizon.  
 
The ton-year method that closest illustrates the delayed emission of railway infrastructure 
is the Lashof method. Under the Lashof method, the benefit of delayed carbon is 
represented by the difference in the integrals of the two curves that are pushed beyond 
the end of the time horizon as a result of the delay, as shown in Figure 3.5. The curve of 
the CO2 is derived from the Bern’s model expression for estimating the decay value of a 
unit CO2 emitted over a 100 year horizon.  
 
Figure 3.5 shows that if 1 tonne of carbon is delayed for 46 years, then the curve moves 
to the right and part of it outside the 100-year fixed time horizon. The difference between 
the integral areas of the original and the shifted curves is the carbon benefit gained from 
the delayed emission and in this case the benefit gained is estimated as 17 tonne-years. 
This means the delay of 46 years would be equivalent to an avoided emission of 0.4 
tonne (17/48) of CO2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Tonne-year approach, Lashof method (Fearnside et. al ,2000) 
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In the ton-year approach, the benefit of delayed carbon is calculated based on a finite 
time-horizon such as 100 years. Although the 100-year global warming potential (GWP) is 
internationally acceptable and represented as GWP 100, it is not based on any scientific 
background.  
 
Moreover, the GWP 100 is the level of global mean radiative forcing integrated over a 
finite time horizon of 100 years and in ratio to CO2 reference gas, with a constant 
background concentration level of the gas in the study (Brandao and Levassure, 2011). 
Therefore, it does not respond to the changes of the gas concentration levels and 
subsequently the marginal damage over time. The ton year method assumes a constant 
marginal damage scenario over time. However marginal damage from climate change 
may rise in long term (Marshall and Kelly, 2010). 
 
3.5 Rationale for use of discounting in the combined assessment model  
 
Table 3.5 summarises the strengths and limitations of the approaches discussed in the 
previous sections in terms of their suitability for the railway bridges time-value calculation 
considered in this study.  
Table 3.5: Strengths and limitations of approaches applied in the current research project 
Approach Strength Limitation 
Discounting  Provide consistency for 
integration and evaluation of 
combined economic and 
environmental performance 
assessment.  
 
No clear or agreeable guidance for 
determining the appropriate 
discount rate values to be applied in 
the analyses.  
Discounting is a principle that is 
well-practiced in the railway 
sector. The industry is familiar 
with the principle which can be 
used in assessing the delay 
impact in the combined model. 
 
Limited to assessing CO2 gas only 
for using discount rate to value 
future marginal damage.  
 
As the delayed impact assessed in 
the research work would include 
other greenhouse gases and other 
potential impacts, the use of the 
discounting for assessing marginal 
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damage of different gases and other 
potential impacts would be difficult, 
if not impossible. This is due to lack 
of studies available in the literature 
in this subject. 
From the available approaches 
studied, discounting is the only 
method that is capable of 
practising time-preference by 
giving time a weighting value. 
One of the factors of deferred 
impact is the fact that Fearnside 
and Levassuer are adopting the 
discounting for assessing time-
preference in their ton-year and 
dynamic LCA methodology. 
 
 
Does not depend on time-horizon. 
Therefore, it can be applied 
without the need to establish the 
appropriate assessment time-
horizon. 
 
 
Ton-years A more acceptable methodology 
since the methodology is based 
on scientific approach, e.g. the 
Bern CO2 decay model.  
 
Using a 100-year fixed time-horizon 
for calculating the benefit credit. 
Although the 100 years is a 
universally accepted time-frame for 
quantifying global warming impact, 
nevertheless there is no scientific 
basis for using the period. 
 Limited to CO2 emission only. Other 
important greenhouse gases such 
as methane and N2O that cause 
global warming impact are not 
accounted for.   
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The discussion in Section 3.5.3 shows that discounting can be an appropriate technique 
for representing the time-preference as the ton-year developed do not account for it. It 
should be noted that the ton-years accounting calculates the delay benefit through a fixed 
horizon assumption.  
Ton-year considering the marginal damage state assumption and still have to adopt the 
use of discount rate for practising time-preference in in their methodologies.  
Discounting is the only method that takes changes in marginal damages into 
consideration. It is technically feasible to include the Marshall and Kelly (2010)’s physical 
discount rate into the combined model’s time-weighted function. A new time-weighting 
factor proposed can comprise physical damage rate and time-preference parameters. 
Due to the limitations as mentioned Section 3.5.1.4, the new time-weighted function 
proposed for the combined model will only consider discounting for time-preference. 
Given the discussions above, discounting is a potential mechanism for quantifying the 
benefit of short-term delayed emission for railway maintenance and the time-weighting 
factor derived will be based on the discounting principle. It is better suited for use in the 
model because it is closely consistent with the economic costing where economic 
discounting is used in the model.  An integrated economic and environmental analysis 
can be made when assessing for the best overall decision.  
 
In addition, it is better suited for railway infrastructure managers since discounting is 
conventionally used by public sector agencies for project appraisal exercises such as life 
cycle costing and cost-benefit analysis. Therefore, these public agency decision makers 
are familiar with the discounting process. It utilises similar principles applied to economic 
and environmental aspects and, ultimately, a straightforward mechanism for the decision 
making process. 
 
3.6 Proposed time-weighting factor and its functions 
The following Equation 3.3 time-weighting function (TW) is proposed and is based on 
discounting principle. Further discussion is provided in Chapter 4 on the derivation of the 
function. 
      
       
                 
      (Eqn. 3.3) 
Where, 
  is the discount rate in percentage, 
Combined economic and environmental assessment tool for maintenance of railway bridges 
89 
 
                is the aggregated impact occurred due to activity at a specific year i, j ,or k,  
    is the total residual life of the structure and is the sum of (     ), 
               is the extended years duration, and 
                 is delayed year duration. 
 
The time-weighted function TW is introduced into the combined model to calculate time-
dependent environmental impact, i.e. time-weighted annual aggregated environmental 
impact (Ann. Agg EI). Further explanation of the Ann. Agg. EI is provided in Chapter 4. It 
places greater significance on the near-term over longer-term impacts and hence makes 
the ‘delayed work’ impact less significant compared to the ‘no delay’ one. This enables 
the assessment of the environmental performance of a temporary delayed strategy in a 
decision process. 
 
Following from the replacement delay example in the Section 3.4, Figure 3.6 shows the 
results of the time-weighted function based on discounting, assuming a discount rate of 
2%. In contrast to Figure 3.1, this shows that the annual aggregated impact is reducing as 
the scheme is delayed longer into future. It proves that the time-weighted model is 
capable of obtaining time-dependent impacts.  
 
Note: Y-axis values – “2.0E-10” means “2.0 x10-10” 
Figure 3.6: Time-weighted annualised aggregated impact for deck replacement delays by 
0 to 10 years 
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To explain this, the reduction of the time-weighted annual impact is best illustrated at 
(non-annualised) aggregated impact level using Figure 3.7. In contrast to Figure 3.1, the 
aggregated impact reduces as the deck replacement defers 10 years from 2015 to 2025. 
The magnitude of the “replace deck” and the “demolition” impacts are lower than the ‘no 
delay’ scenario.  
As this model is considering time accounting, the delay time is taken into account in the 
scheme’s life cycle. This means the overall life cycle period is now the sum of delay 
period and the deck service. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Time-weighted impact for deck replacement delays by 10 years 
 
3.7 Concluding remarks 
 
This chapter has provided the background and justification for proposing a new time-
weighted function for valuing environmental impact over time. The time-weighted function 
is intended to assist railway asset managers to determine if there is benefit in deferring 
environmental adverse maintenance actions to a later time. Traditional LCA makes no 
explicit differentiation between emissions emitted at different points in time. Therefore, the 
novel time-weighted function proposed in this research work overcomes this limitation.    
 
Review of past literature studies revealed that discounting and ton-year are the main 
approaches that create a time-value for carbon emissions and damage impacts. The 
Year 
2090 
Replace 
deck 
year 0 
Demolish 
deck after 
75 years 
service life 
2100 2015 
Replace 
deck 
year 10 
Demolish 
deck after 
75 years 
service life 
 2025 
Scheme life cycle period = 10 years delay + 75 years 
deck service life 
Scheme life cycle period = 0 year delay + 75 years 
deck service life  
 Time-weighted 
aggregated impact 
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strengths and limitations of both approaches were comprehensively discussed, their 
suitability in the railway bridge maintenance context was examined and the potential 
method to be adopted for the time-weighted function was identified. It is concluded that 
discounting can be the appropriate method for representing time-preference. 
 
Finally, the time-weighted function is developed based on the discounting approach and 
the mechanism of the time-weighted function is demonstrated through a bridge 
maintenance example. 
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4.0 Combined economic and environmental assessment 
methodology for maintenance of railway bridges 
4.1 Introduction 
This chapter presents the methodology for the combined economic and environmental 
assessment model. It is a decision support tool to be used for evaluating the economic 
and environmental performance of alternative strategies for maximising the service life of 
an aging railway bridge. It aids bridge managers in their decision making towards 
identifying the best overall economic and environmental performance strategy for 
restoring and managing the bridge to the expected level.  
The model is used for appraising the economic cost and environmental performance of 
maintenance strategies that have differing working life extension horizons. It provides a 
consistent evaluation method for comparing the performance of the strategies based on 
unequal life periods. It measures the combined economic and environmental effect and 
considers the whole-life performance of each strategy.  
The model also incorporates an optional step for evaluating and comparing a temporary 
delayed strategy with a ‘maintain now’ base scenario by introducing the time-weighted 
function. The reasons for introducing the time-weighted function have been discussed in 
Chapter 3. Its consideration depends on the objectives defined for the analysis. 
 
4.2 Combined economic and environmental assessment model 
For clarity, in this chapter, the term ‘maintenance’ refers to all types of primary 
interventions such as preventative maintenance, repair, strengthening and component 
renewal.  
The model adopts the life cycle analysis approach that accounts for the costs and 
environmental consequences that occur throughout the entire working life of a 
maintenance strategy. The working life cycle includes the construction, use and end-of-life 
stages of a single or several interventions within the strategy. It is assumed that the 
working life comes to an end when the strategy’s interventions are no longer being 
effective and enabling the bridge to be in service to the required level of capability and 
serviceability performance. As a result, further intervention is necessary to extend the 
structure’s life or the structure needs to be replaced. 
The maintenance strategies being compared do not necessarily deliver the same 
extended life span. For example, the service life of a repaired bridge deck is generally 
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expected to last for 30 years, whilst a new replaced bridge deck with planned 
maintenance is expected to last for 120 years (Network Rail, 2011). The model addresses 
the comparison of different working life periods of the alternatives by evaluating their 
performance through an ‘equivalent annual’ term for cost and environmental impact. 
In the model analysis, life cycle costing (LCC) and life cycle assessment (LCA) 
techniques are used to estimate the economic cost and environmental impact of the 
alternative maintenances, respectively. The decision evaluation is carried out using a form 
of ‘scoring and weighting’ multi-criteria analysis (MCA) approach, called SMART, to value 
and identify the best combined economic and environmental performing alternative based 
on decision makers values. The SMART method measures and aggregates the 
performances of economic and environmental attributes. A specific temporal weighting for 
environment is introduced to evaluate time and impact performance. 
Figure 4.1 depicts the life cycle analysis framework and system boundary of the model by 
using a bridge deck restoration strategy example. The analysis of the strategy is divided 
into life cycle stages of the steel repair and painting interventions that include construction 
(applying), use (maintenance) and decommissioning (end-of-life) of the interventions. The 
figure shows the economic cost inputs (maintenance, possession and inspection costs) 
and environmental inputs (raw materials, water and energy) required for the analysis. On 
the other hand, the outputs from the analysis are in the form of equivalent annual cost and 
annual environmental impact. 
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Figure 4.1: Framework and system boundary of a life cycle analysis for a bridge deck 
restoration strategy 
 
4.3 Maintenance performance life expectancy 
Table 4.1 presents the maintenance interventions and their expected service life for 
metallic bridges which are specified in the U.K. railway design standards. The notion of 
service life is currently used in the maintenance designs of U.K. railway structures. It 
represents the typical time period following the maintenance installation until the next 
major intervention (Network Rail, 2011). 
 
 
Economic 
output 
 
Life cycle cost 
(Equivalent 
Annual Cost) 
 
Environmental 
output 
 
Annual 
environment 
impact 
Economic input 
 
Maintenance, 
repairs and 
renewal work 
costs 
Inspection cost 
 Possession cost 
 
Environmental 
input 
 
Raw material 
Energy 
Water 
 
 
System boundary 
Structural repair 
intervention 
Paint treatment 
intervention 
Construction 
Structural repair 
intervention 
Paint treatment 
intervention 
End-of-life 
Structural repair 
intervention 
Paint treatment 
intervention 
Use 
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Table 4.1: Expected service life for various maintenance interventions for metallic bridges 
(Network Rail, 2011) 
Intervention Examples for Metallic Bridges 
Maintenance interventions 
Expected 
service life 
(years) 
Source 
Protective paint application 
using M20 epoxy rich paint 
system 
18-22 
NR/GN/CIV/002 The use of protective 
paint and sealant (2009) 
Steel repair system 30 
Steel plate strengthening 
system 
60 
New deck system for 
replacement 
120 
 
The defined analysed period for the economic and environmental performance 
assessment in this methodology is based on the following assumption. The extended 
useful life provided to the old structure is assumed to be equivalent to either the expected 
service life of an intervention system or the total service period of the strategy system. It is 
assumed that the structure treated by the intervention or the strategy maintenance plan 
will function to the required level of performance during this period and similar additional 
major maintenances are required except the normal planned routine maintenance.  
It should also be noted that the expected service life values can be obtained from other 
sources such as from manufacturers’ product specifications and from service life 
estimation methods such as the ISO 58686 factored method or using prediction 
modelling. However, it is beyond the aim and scope of this research to produce and 
validate such data.  Instead, the expected service life periods suggested in the Network 
Rail maintenance standards are used as the reference base in the maintenance 
assessment.  
Using the net present value (NPV) method will require a single study period to be 
assumed for comparing these interventions. Alternatively, a straightforward LCC method 
to assess the economic performance of alternatives with unequal life is the Equivalent 
Annual Cost (EAC) method. It is this method adopted in this research model for 
comparing costs of alternative maintenance strategies. 
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4.4 Maintenance system 
The maintenance system covers all the main activities and processes involved during the 
service period of the intervention or strategy, i.e. from the construction and use to the 
end-of-life stage of the system. 
In this research, a maintenance strategy is defined as a single or a group of planned 
interventions that form a maintenance plan. Therefore, the strategy system can be an 
aggregation of associated intervention systems, as illustrated in Figure 4.2. In the 
methodology, the analysis period for the economic and environmental performance 
assessment is defined as the period between the construction year of the first intervention 
and the end-of-life year of the last intervention, and it is illustrated in Figure 4.2. 
 
 
 
 
 
 
 
 
 
Figure 4.2: Illustration of a maintenance strategy system and its aggregated interventions 
 
In order to achieve a consistent evaluation in the LCC and LCA analyses and in the 
integration between the cost and the environmental aspects, the system boundary of the 
appraised maintenance systems has to be equivalent.   
System boundary is a set of criteria specifying which activities and processes are parts of 
the analysed maintenance system. It defines the main activity modules and the input flow 
parameters and output flow results that are analysed by the combined economic and 
environmental assessment model.  
Figure 4.3 shows a typical system boundary for the maintenance system of an 
intervention. A typical system comprises three primary sub-systems for construction, use 
Year 
Intervention A service life 
Intervention B service life 
Intervention C service life Intervention D service life 
0 
Total strategy service period 
Strategy 
system = 
Intervention 
A system + + + 
Intervention 
B system 
Intervention 
C system 
Intervention 
D system 
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and end-of-life stages.  The construction sub-system consists of the main activities and 
processes involved for producing construction materials and for constructing the 
maintenance physical system onto the existing asset. It also includes the removal and 
disposal of obsolete old materials or components on the existing structure before 
installation of the new system, such as old paint or obsolete waterproofing.   
The use stage sub-system covers the main activities of planned routine servicing tasks 
that are necessary to maintain the effectiveness of the constructed system, such as 
periodic preventative maintenance and minor repairs. The end-of-life sub-system includes 
the main activities and processes involved in the disassembly, demolition and disposal of 
waste to landfill when the system becomes obsolete at the end of its service life.   
The methodology adopts the recycled material approach since it is by default the standard 
method for environmental credit and burden allocation of recycled materials in a product 
system. The costs incurred and environmental credits and burdens associated with the 
use of recycled materials are accounted for in the materials production processes. This 
approach does not consider the costs and environmental credits and burdens of recycling 
the decommissioned maintenance system. It is difficult to predict reliably which materials 
would be recycled and by how much from the future maintenance works. Hence, the costs 
and the environmental results from recycling of old materials at the construction and the 
end-of-life sub-systems are not covered in the system boundary. 
With respect to the LCC assessment, the input parameters are the main direct costs of 
the construction, maintenance and end-of-life of a maintenance system; they are 
categorised into materials and components, labour, equipment and plants and track 
possession. The assessment output is the life cycle cost for the agency which is the total 
direct cost of ownership. 
The LCA assessment main flows are materials, energy and water for production, 
construction, maintenance, demolition and disposal of the maintenance system, whilst the 
output flows are the emissions to air, water and land including waste. 
Both the economic and the environmental aspects deal with the direct costs and 
environmental consequence of the maintenance system. Indirect/external costs and 
rebound impacts such as social costs and extra pollutions due to increase in highway 
traffic during the maintenance period are not covered in the research.  
 
 
 
Combined economic and environmental assessment tool for maintenance of railway bridges 
98 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Flowchart of a generalised maintenance strategy system for a group of 
planned interventions 
 
Furthermore, the maintenance system for a single intervention is similar to the strategy 
system with respect to the defined life cycle stages, input and output flows and the system 
boundary condition. The difference is that the intervention sub-system contains the 
activities and processes for construction, use and end-of-life stage, as illustrated by 
Figure 4.4. 
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Figure 4.4: Flowchart of a generalised maintenance intervention system 
4.5 Methodology steps 
Figure 4.5 outlines the step-by-step procedure for the combined economic and 
environmental assessment methodology.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Flowchart of the combined economic and environmental assessment 
methodology framework 
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The different steps of the methodology as discussed in detail below.  
S1 Definition of assessment goal  
The first step of the methodology is the definition of the goal and scope of the analysis. 
The maintenance options assessed include interventions or strategies that sustain and 
improve the current level of performance of a bridge to the required standards, for the 
purpose of maximising their residual useful life.  
A functional unit should be defined in the study before modelling the maintenance 
systems. The functional unit defines the required function (performance characteristics) of 
the assessed maintenance system to maintain or improve the current condition of the old 
structure. It provides a reference to which all the relevant input and output flows of a 
maintenance system are related to. It also serves as a common reference for comparing 
the cost and environmental performance results for different alternative systems.  
As the research methodology is developed for comparative studies, it is proposed that the 
functional unit takes into account the following criteria: 
 The required technical performance for a maintenance system such as increase of 
the structural strength of the bridge to support certain traffic loading. All alternative 
systems compared should address the same quantified technical performance. 
 The potential extended useful life of the old structure. This is expressed in the 
‘annual service life’ term so that a common temporal reference unit is used for 
assessing maintenance alternatives that contribute dissimilar service lives.  
 The spatial coverage, i.e. geometry of the structure. The proposed common spatial 
coverage reference is the entire unit of ‘bridge structure’. This is to ensure 
consistency in comparing the performance of the alternatives. It is also to address 
application of the interventions on all possible locations or components of the 
structure.  
Two functional unit statements are expressed below for illustrating the above criteria: 
 For bridge deck steel repairs or strengthening interventions  – Rehabilitation of 1 
unit of bridge deck to support RA10 train traffic loading over annual (1 year) 
service life of the structure. 
 For proactive bridge maintenance strategy with bridge deck repainting and 
structural rehabilitation interventions – painting and rehabilitation of 1 unit of 
bridge deck to provide corrosion free protection and to support RA10 train traffic 
loading over annual (1 year) service life of the structure. 
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S2 Identification of maintenance options  
As mentioned before, the maintenance strategy is a group of interventions, also known as 
maintenance plan. In this research, the strategy options examined by the methodology 
are the Network Rail’s maintenance strategies since the research is aiming at the U.K. 
sector.  
S3 Common modelling platform for cost and environmental attributes 
The methodology proposes a common modelling system for modelling the economic cost 
and environmental aspects of the analysed maintenance system. It enables the LCC and 
LCA systems to be modelled in a coherent manner and provide a consistent result 
comparison between the alternative maintenance options. 
The common modelling system is a hierarchical structure for modelling both the costs and 
the environmental impacts of the activities within the maintenance system over its life. 
The nature of the hierarchical system allows the main activities within an analysed system 
and their respective costs and environment impacts to be clearly defined. Thus, 
completeness of the modelled system is ensured. 
The common modelling framework comprises four attributes, i.e. the life cycle stages, 
product work structure, cost categories and environmental impact categories, as 
illustrated by the generalised modelling structure in Figure 4.6.  
These attributes are connected by using the cost element (BS ISO 60300, 2004) and a 
newly proposed environmental element and they are best illustrated by using a three-
dimensional matrix as shown in Figure 4.6. The new environmental element for modelling 
the environmental impacts of individual activities is based on the cost element modelling 
concept of the ISO 60300: 2004 Life Cycle Costing (BS EN 60300, 2004). 
Both elements share the life cycle stages and product work structure attributes. However, 
the cost categories and environmental categories are specific to the cost and 
environmental elements, respectively. The advantage of using the elements approach is 
the fact that the key contributors for cost and environmental impact can be easily 
identified within the analysed maintenance system. 
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BS EN 60300 Cost element matrix   New environmental element matrix 
Figure 4.6:  The BS EN 60300-3-3:2004 cost element and the newly adapted 
environmental element, illustrated in three-dimensional matrixes 
 
The following are the four attributes of the cost and environmental elements that form the 
basis of the common modelling system: 
 The product work structure - it is a detailed breakdown of the main activities 
involved over the life cycle of a maintenance system. It constitutes of three main 
hierarchical classification levels for describing (organising) any maintenance 
system; starting from the highest to lowest levels, i.e. asset elemental system (e.g. 
deck plate, primary beams, secondary beams, paint coating and others for the 
bridge system), life cycle stages to the activity modules breakdown.  
 The life cycle stages – they are representing the main life cycle stages of a 
maintenance system life including construction, use and end-of-life stages. It 
should be noted that the pre-construction phase, i.e. design & development, is not 
considered since the cost and environmental implications are assumed to be 
equivalent between the alternative maintenance options analysed.  
 The cost breakdown structure – it is a life-cycle oriented way of classifying the 
direct costs (BS EN 60300-3-3, 2004) over the life cycle of the maintenance.  The 
cost categories consider are related to construction materials, equipment, labour 
and track possession compensation. These are the cost factors consider by the 
Civil Engineering Standard Method of Measurement (CESMM3) pricing book (ICE, 
1991) and the Network Rail schedule of rates for civil engineering works (Network 
Rail, 2014). 
 The environmental breakdown structure – it is a life-cycle oriented way of 
classifying environmental impacts arising during the maintenance system life. The 
environmental impact categories that are considered are acidification, climate 
change, eutrophication, ozone depletion, photochemical ozone creation and 
Environmental Categories 
Product work structure 
Life cycle stages 
Product work structure 
Life cycle stages 
Cost Categories 
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resource depletion. These are the common impact categories covered by the BS 
ISO 15804:2013 standard for assessing and reporting environmental performance 
of construction products. These impacts are associated with the materials or asset 
component production and fuel and energy use for site equipment and 
transportation required for the railway maintenance.  
 Cost elements (CE) – Their purpose is to link the different cost categories (e.g. 
material, equipment and etc.) and the individual activities within the product work 
breakdown and to estimate the specific cost due to the activity performed. As a 
result, each cost element is different because each uniquely defines the 
relationship between an activity and a cost due to a particular set of materials, 
equipment, labour or track possession activities. Figure 4.7 shows a cost element, 
i.e. CE (material, A.3), for estimating the cost of acquiring construction material for 
constructing the Intervention A system. 
 Environmental elements (EE) – Similarly, the environmental elements relate the 
different impact categories to the individual activities of the product work structure. 
They represent the environmental impact of a particular impact category (in score) 
of an activity. In fact, they are the normalised and weighted Life Cycle Impact 
Assessment (LCIA) results of the impact categories considered for a particular 
activity item, estimated from the LCA analysis.  Figure 4.7 shows an environmental 
element, i.e. EE (acidification, A.3), for estimating the embodied impact of material 
acquisition process for the Intervention A system construction. 
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Figure 4.7: Generalised common modelling structure 
 
S4 Economic cost performance 
In order to evaluate the economic performance of the maintenance activities, the Life 
Cycle Cost (LCC) approach is adopted, since it is recognised as the economic 
assessment tool for railway infrastructure investments. 
The assessment starts by quantifying the costs of maintenance activities using the ISO 
60300: 2006 standard cost element method. These costs are summed to become the 
total cost of the individual activities. Then, the annual life cycle cost of the competing 
maintenance systems can be estimated using the Equivalent Annual Cost (EAC) method. 
The EAC is proposed in the methodology to address the cost comparison between 
maintenance systems with dissimilar service lifespans. 
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The first step is to determine the costs of relevant cost categories for individual activities 
that make up the maintenance systems. Cost element (CE) is used to relate the cost rate 
of the materials, equipment, labour and track possession categories to the individual 
activities. This relationship can be identified by a mathematical expression. Each activity 
contains a series of unique CE expressions corresponding to the impact categories and 
the sum of the CEs of these impact categories is the total activity cost. The total activity 
cost is best expressed by using a typical matrix function, as shown in Equation 4.1. 
 
 
         
 
 
 
 
where, the cost element equations of  the following cost categories are:- 
CE (material, activity) is material cost unit (£/ kg)   mass ‘W’ required for a specific 
activity (kg), 
CE (equipment, activity) is equipment cost unit (£/ hour operation)   duration ‘X’ for 
undertaking a specific activity (hours), 
CE (labour, activity) is labour cost unit (£/ hour manpower)   duration ‘Y’ for undertaking 
a specific activity (hours), and 
CE (possession, activity) is possession cost unit (£/hour possession)   duration ‘Z’ for 
undertaking a specific activity (hours).  
 
S4.1 Life cycle cost analysis 
The life cycle costs of competing maintenance options are estimated using the Equivalent 
Annual Cost (EAC) method. The EAC converts all the costs occurring over a period of 
time and presents the LCC cost as an equivalent uniform annual amount (Riggs, 1977). 
The EAC function is presented in the Equation 4.2 for estimating the annual performance 
cost of a single maintenance system. It is a multiplication of a series of net present costs 
for activities occurring at different years i.e. j, k, m, etc. by the Annuity Factor. The Annuity 
Factor (AF) is to convert the total calculated NPV of a maintenance system into uniform 
(Eqn.4.1) 
Categories cost unit Activity quantity 
Material   Equipment   Labour   Possession 
  
W    
X  
Y  
Z  
Total activity cost  =  
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annual cost equivalent, taking into account the total extended service lifespan. The 
alternative with the lowest EAC cost is the most cost-effective.   
 
                                                                                 (Eqn. 4.2) 
Where, 
NPV = ﴾ 
  
      
 ﴿ which is the net present value of the total activity cost occurring at year  ,  
  is year  , year   , year …etc. 
AF = 
 
  
 
      
  which is the Annuity Factor,  
  is the total extended service period of the analysed maintenance intervention or strategy 
system; 
  is the total activity cost; and 
  is the social discount rate following the rate values set by the U.K. Treasury Green Book 
(U.K. HM Treasury, 2003). 
  
S5 Environmental performance  
This section describes the methodology of quantifying the environmental performance of 
the maintenance intervention or strategy options.  
The early part of the assessment process involves the LCA analysis which follows the 
ISO 14040:2006 LCA methodology for carrying out the life cycle impact assessment 
(LCIA). This approach is adopted because it is an effective quantitative method for 
estimating the impact of a maintenance system on whole-life term.  
The impact categories considered are acidification, climate change, eutrophication, ozone 
depletion, photochemical ozone creation and resource depletion. 
The maintenance system performance is indicated in score units. The lowest scoring 
maintenance has the highest environmental performance among the appraised options. 
The environmental evaluation involves the following steps: 
 Calculate the environmental element (EE) scores of the impact categories in 
different maintenance activities.   
 Determine the aggregated environmental impact (Agg. EI) score for the 
maintenance activities by summing up the EEs of the impact categories on 
individual activities.  
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 Determine the maintenance environmental performances by calculating their 
annual equivalent impact (Ann EI) scores.  At this stage, the performance of the 
maintenance options can be determined for the non time-value impact or with 
time-value impact scenarios depending on the objective of the assessment.                                                                                  
 At this stage, the annual equivalent impact scores of the maintenance options can 
be compared to identify the best environmental performance option. 
 
S5.1 Life cycle analysis (LCA) for quantifying environmental element (EE)  
The proposed environment element (EE) is the environment impact score of a particular 
impact category that corresponds to a specific maintenance activity and it is a normalised 
and weighted impact. It represents the relationship between the impact category and the 
activity in a form of mathematical expression. For an individual activity, the summation of 
the EEs of its impact categories is the activity’s aggregated environmental impact score 
(Agg. EI).  
The environmental elements (EEs) and the aggregated environmental impact can be 
calculated by the general matrix expression below. Equation 4.3 shows the proposed 
matrix expression for estimating the EEs and the Agg. EI. The quantity in the matrix is the 
amount of material or energy resource required to perform a single maintenance activity. 
The same quantity ‘W’ is applied to all the impact category EEs because it is the same 
amount of material or energy used to undertake the activity task. On the other hand, the 
category impact scores unit is the corresponding category’s normalised and weighted 
impact generated by 1 unit of material, equipment energy, transport energy or waste. 
 
 
 
 
 
 
 
 
where, the environmental element equations of the following impact categories are:- 
EE (ADP, activity) is acidification scores per unit quantity   quantity ‘W’ required for a 
specific activity,  
Categories impact score unit Activity quantities 
Aggregated Environmental 
Impact Score (Agg. EI)  = ADP  GWP  EP  ODP  POP  RDP 
  
W    
W 
W  
W 
W 
W  
(Eqn.4.3) 
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EE (GWP, activity) is global warming scores per unit quantity  quantity ‘W’ required for a 
specific activity,  
EE (EP, activity) is eutrophication scores per unit quantity   quantity ‘W’ required for a 
specific activity,  
EE (ODP, activity) is ozone depletion scores per unit quantity    quantity ‘W’ required for 
a specific activity,  
EE (POP, activity) is photochemical ozone scores per unit quantity   quantity ‘W’ required 
for a specific activity, and   
EE (RDP, activity) is resource depletion scores per unit quantity   quantity ‘W’ required 
for a specific activity.  
The categories’ impact scores unit is derived from the ISO 14040 LCA methodology’s 
inventory analysis and impact assessment processes. These process steps are shown in 
the flowchart in Figure 4.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Flowchart showing the procedure steps of quantifying the impact categories’ 
impact scores unit 
 
 
Inventory analysis  
Activity process system 
 
LCA input flows 
 
Raw material, energy 
and water 
 
LCA output flows 
 
Emissions to air, water 
and land 
 
Impact assessment  
 Classification and characterisation 
Normalisation 
LCIA results  
Normalised LCA indicators 
Weighting 
Environmental Element (EE) scores for impact 
categories 
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Inventory analysis 
The LCA inventory analysis involves data collection and quantification of input and output 
flows of unit processes that build up the activity modules. The following summarises the 
main calculation processes involved in the methodology to conduct a maintenance 
assessment study: 
 The required quantities and material and energy resources data are collected from 
the U.K. railway standard drawings and specifications for maintenance designs, 
past maintenance project documents and relevant product manufacturer/supplier 
information.  
 The background data to model an activity’s processes and their input and output 
flows are sourced from various life cycle inventory (LCI) databases including the 
Ecoinvent v2.2 (Ecoinvent Centre, 2010) and GaBi database’11 (PE International, 
2012).  
 The data above are used to model the activities for metallic bridge alternative 
maintenance systems, based on the general common modelling structure 
proposed in the Figure 4.7. 
 Through the inventory analysis, LCI results (i.e emissions profile) of the activities 
are estimated.  
 
Impact assessment 
The impact assessment involves the following steps of the ISO 14040:2006 standard LCA 
methodology.  
 Classification and characterisation of the LCI results into LCIA results (impact 
potentials) for different impact categories that relate to an activity. 
 Normalisation of the LCIA results of different impact categories to obtain 
normalised impact indicators. This step is performed to prepare the aggregation of 
LCIA results from different impact categories. 
 Weighting is used to link the relative severity of different impact categories to 
produce a single aggregated impact (Agg. EI). 
As discussed in the Life Cycle Assessment Chapter, none of the currently used life cycle 
impact assessment (LCIA) methods such as the CML 2001-November 2010 (Guinée et. 
al., 2002) and International Reference Life Cycle Data System (ILCD) 2011 (EC-JRC, 
2011) includes either the weighting step or both the normalisation and weighting steps. 
However, these steps are required in order to aggregate the LCIA results of different 
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impact categories to a single overall impact value. From the review of LCIA 
methodologies, the ILCD 2011 (EC-JRC, 2011) methodology is chosen as the best one to 
use because it is the only impact assessment methodology that has both normalisation 
and weighting methods developed recently, although they are not officially recognised 
and incorporated in the ILCD 20111 (EC-JRC, 2011) methodology.  
The ILCD 2011 methodology has a collection of characterisation impact assessment 
methods which are recommended for LCA in the European context and it addresses a 
wide range of impact categories (EC-JRC, 2011). The impact categories considered for 
this research are acidification (AP), eutrophication freshwater (EP-F), eutrophication 
marine (EP-M), eutrophication terrestrial (EP-T), climate change (GWP100), ozone 
depletion (ODP), photochemical ozone depletion (POCP) and resource depletion (EPD). 
These align with the impact indicators covered by the BS ISO 15804: 2012 standard (BS 
ISO 15804, 2012) for assessing and reporting environmental performance of construction 
products.  
Normalisation 
The Huppes et. al. (2011) ‘World’ normalisation factors are applied to normalise the LCIA 
results. Normalisation enables the impact contribution of the analysed system to be 
compared to the total impact indicator and facilitates the aggregation of different impact 
categories using the same dimension or dimensionless unit. The total impact indicator 
used normally refers to the result contributions of a reference region (e.g. global, Europe 
or country levels) and for a certain time interval (e.g. yearly). Huppes et. al. (2011)’s world 
normalisation factors represent the annual world-wide contribution for year 2000. The 
normalisation factors are derived by multiplying the ILCD 2011 characterisation factors 
(EC-JRC, 2011) with the Wegener et. al. (2008)’s World 2000 emissions and extraction 
data. The Huppes et. al. (2011) normalisation is chosen for this research for the following 
reasons: 
 It uses the most recent emission and extraction data from the Wegener et. al. 
(2008) World normalisation method. 
 It offers the impacts contribution in global scale. This is relevant since many 
railway related products used in the U.K, including their input resources and 
production activities, can come from diverse geographical regions, including steel 
material and fuel energy used in producing bridge girders and plates. 
The recently developed Huppes et. al. (2011) weightings for the ILCD 2011 methodology 
(EC-JRC, 2011) is based on this normalisation method. This provides a compatible 
normalisation and weighting approach to produce an aggregated environmental impact 
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score. They need to relate to the same midpoint level categories to avoid distorted or 
meaningless results (Huppes et. al., 2011). 
The EE scores of different impact categories for individual activities are calculated by 
multiplying the LCIA results of the respective impact category by the Huppes et. al. 
(2011)’s normalisation factors shown in Table 4.2. The normalisation factors are in annual 
world contributions, thus they are in unit contribution per year. 
Table 4.2: Normalisation factors of ILCD 2011 (Huppes et. al., 2011) 
 
ILCD 2011 impact categories Unit Normalisation 
reference 
values  
(World region 
and  year 
2000) 
Normalisation 
factors  
(1/reference 
value) 
Climate change  (GWP100)  kg CO2 eq. 4.17E+13 2.40E-14 
Ozone depletion (ODP) kg CFC11 eq. 2.23E+08 4.48E-09 
Acidification (AP) mole H+ eq. 3.03E+11 3.30E-12 
Eutrophication freshwater (EP-
F) 
kg P eq. 9.29E+09 1.08E-10 
Eutrophication marine (EP-M) kg N eq. 1.66E+10 6.02E-11 
Eutrophication terrestrial (EP-
T) 
mole N+ eq. 7.01E+11 1.43E-12 
Photochemical ozone creation 
(POCP) 
kg NMVOC eq. 3.51E+11 2.85E-12 
Resources depletion mineral + 
fossil (REP) 
kg Sb eq  
(person reserve) 
2.82E+09 3.55E-10 
 
 
Normalised LCIA results only reflect the contribution of the analysed system to the total 
impact indicator but not the relative severity/relevance of the impacts to others (Huppes 
et. al., 2011). Therefore, weighting is used to link the relative relevance of different impact 
categories among each other and to produce a single aggregated overall impact indicator 
called the Agg. EI score for the individual activity modules.   
Weighting 
Weighting is a subjective issue because it is based on value judgement rather than 
scientific process. There is not a single weighting set available that is compatible with the 
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ILCD 2011 impact categories (EC-JRC, 2011) and that it should also reflects the relative 
severity of the impact categories based on the U.K. railway industry or the society 
perspective. In theory, relative importance of these impact categories can be assumed as 
equal so that each has weighting factor 1.0. 
In reality, the impact categories are not viewed as equal from the society, government or 
railway stakeholders’ perspectives. The weighting set selected in this methodology is 
derived from the Huppes et. al. (2011)’s meta-weighting method for the ILCD 2011 impact 
assessment methodology (EC-JRC, 2011). The mid-point weighting approach in the 
meta-weighting is based on three existing midpoint weighting sets, i.e. BEES, EPA and 
NOGEPA. It is proposed the weighting applied in this research is the average of these 
weightings, as listed in Table 4.3.   
 
Table 4.3: Original average mid-point weighting set of the Huppes et. al. (2011) meta-
weighting method 
 
ILCD 2011 impact categories Average weights (in %) 
 
Climate change   23 
Ozone depletion  4 
Acidification  4 
Eutrophication 
(freshwater+marine+terrestial)  
7 
Photochemical ozone creation    5 
Human toxicity (cancer+ non-cancer 
effects) 
11 
Particulate matter/respiratory inorganics 7 
Ecotoxicity 11 
Ionising radiation (human health + 
ecosystems) 
6 
Resource depletion 7 
Resource depletion water  5 
Land use (not in ILCD impact categories) 10 
Total weight 100 
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Since not all the 12 impact categories are considered in this research scope, the 6 non-
studied impact categories are excluded. The weightings of the remaining 6 impact 
categories are recalculated by normalising the weighting of each respective impact 
category by the remaining overall weighting value, i.e. 50 weights. Each impact weighting 
is extrapolated and redistributed to 100%. The new share of weights of the reduced 
impact categories are shown in the Table 4.4. It is assumed the new weighting set reflects 
the relative importance of the impact categories to the U.K. perspective. 
Table 4.4: Assumed weighting set for impact assessment 
ILCD 2011 impact categories Original 
average 
weights (in %) 
 
New average 
weights (in %) 
Climate change  (GWP100)  23 46 
Ozone depletion (ODP) 4 8 
Acidification (AP) 4 8 
Eutrophication: freshwater+marine+terrestial 
(EP) 
7 14 
Photochemical ozone creation (POCP) 5 10 
Resource depletion(RPP) 7 14 
Sum of original weights 50  
New total weight 100 
 
The normalised EE score is multiplied by weighting to produce the normalised and 
weighted EE score for the respective impact category.  
 
S5.2 Aggregated environmental impact scores 
An aggregated environmental impact (Agg. EI) score for each activity module is modelled 
by summing up the normalised and weighed EE impact scores of different impact 
categories. The sum is multiplied with the constant, 1.0 x 1016 to convert the sum to a 
whole number unit score.  Figure 4.9 illustrates the modelling procedure to quantify the 
EE scores and Agg. EI score by using the example of ‘polyurethane paint, 1kg’ activity 
module. 
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Figure 4.9: Illustration example showing the modelling steps for calculating the EE score 
of impact categories and the Agg. EI score of activity module. 
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AP 
3.21E-14 
 
EP 
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4.48E-13 
 
RDP 
3.78E-13 
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Agg. EI score for ‘Polyurethane paint, 1kg’ activity module 
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multiplies with 
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16
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S5.3 Annual environmental impact (Ann. EI) score for maintenance alternatives 
The annual environmental impact (Ann. EI) is proposed for determining the environmental 
performance of maintenance alternatives with different life extension improvement 
capabilities. It represents the life cycle impact generated for an additional service year 
extended by a maintenance. Basically, the lower the Ann. EI index value, the better the 
environment performance of an alternative system.  
The core function in the environmental assessment of the model is for determining and 
comparing the alternative environmental performance. In addition, a time-value weighting 
option is added to model time-preference, so that the temporary impact delay can be 
assessed as one of the potential alternatives.  
The temporary impact delay can be adopted as a measure to help the railway industry in 
managing their environmental burdens such as delaying high polluting and resource 
consuming maintenance projects to slow down the environmental emission rate or ‘buying 
time’ for deploying cleaner technologies and higher eco-efficient designs.  
Equation 4.4 presents the general expression for the Annual Aggregated Environmental 
Impact (Ann. Agg. EI). As stated above, it is developed to measure the alternative 
environmental performances with the option to consider the temporary impact delay 
measure. It denotes the impact level of a maintenance alternative for prolonging the 
structure service life by an additional year.  
 
Basically, the Ann. Agg. EI is the product of the total aggregated impacts (∑Agg.EI) 
occurring at different years multiplied by the time-value weighting factors (TW). It is based 
on four life cycle phases that form the life of a maintenance system, i.e. production, 
construction, use and end-of-life. The activity modules relevant to each life cycle phase 
are normally composed of materials, site machinery and transportation operations.  
∑Agg.EI is the sum of aggregated impacts for these activities and is calculated by adding 
the aggregated impacts for these activity modules occurring at a specific year. TW is for 
modelling the time-preference principle for different weight values in relation to time. TW 
is multiplied by the ∑Agg.EI to change the magnitude of the impacts. Refer to the TW 
section below for further information. 
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            (∑                            )  (∑                              )
  ∑                             (∑                         ) 
 
                          (Eqn.4.4)  
where, 
∑                  is the sum of aggregated environmental impacts for the 
‘material production’ activity modules that occur on year ‘i’, 
∑                    is the sum of aggregated environmental impacts for the 
‘construction’ activity modules that occur on year ‘j’, 
 ∑                 is the sum of aggregated environmental impacts the ‘use’ 
activity modules that occur on year ‘k’, 
∑                is the sum of aggregated environmental impacts for the ‘end-of-
life’ activity modules that occur on year ‘m’, 
         is the time-value weighting factor for year ‘i’, 
         is the time-value weighting factor for year ‘j’, 
         is the time-value weighting factor for year ‘k’, and  
        is the time-value weighting factor for year ‘m’. 
 
 
Time-value weighting (TW) 
The time-value weighting factor (TW) parameter is proposed for valuing the significant 
(weight) of the impacts in relation to time. Through the TW parameter, the temporary 
impact delay concept can be proposed and appraised as one of the alternative measures 
for maintaining the structures.  
The temporary impact delay measure is based on the time-preference principle where 
emphasis or greater significance (weight) is placed on the impact that occurs at present 
rather than the future. As the impact occurs further into the future, the less significant the 
impact is. Based on this principle, the temporary impact delay concept perceives the 
future impact weights less than the present one. This is because it recognises the merit 
(credit) of the immediate avoided impact occurrence to a suitable future year. 
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Like other forms of weighting, Tw factors are derived from value-based choice rather than 
through scientific process. It is important to recognise that there is no such TW factors as 
perfectly correct.  
The time-preference principle is represented in the TW parameter function. The TW 
weights are derived using the discounting technique since this technique is commonly 
used to practice time-preference.  
It is proposed to use the temporal discounting technique to derive the Tw weights since in 
LCC discounting is used to calculate the ‘time value of money’ by placing a greater value 
on the present goods (i.e. cash in this case) over the future ones. The technique can be 
applied to derive the relative  
Equation 4.5 presents the proposed TW factor equation which is based on the Discount 
Factor and Annuity Factor functions that are normally used in the discounting technique. 
In LCC, the discount factor is used to calculate the ‘time value of money’.  The model 
derives the time value of money by placing a greater value on the present goods (i.e. 
cash) over the future in order to model the time value of money principle.   
Similarly, the discount factor allows the future value of the impact be modelled and allows 
the future impact relates to the present impact value. This is done by using the 
discounting functions, i.e. discount factor and annuity factor adopted in the LCC. 
The discount factor produces a discounted weight at different points in time (n) with an 
appropriate discount rate (r).  The annuity factor converts the discounted weights into 
uniform annuity weight service life extension duration (t). The environmental performance 
of the alternatives with different service life improvement capabilities can now be 
compared in the equivalent annual aggregated impacts term. 
 
                                                                  
                  
 
      
  x  
 
  
 
      
   
                             
       
                 
 (Eqn.4.5) 
  
where, 
    is the discount rate in percentage, 
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                is the aggregated impact occurred due to activity at a specific year i, j ,or k,  
    is the total residual life of the structure and is the sum of (     ), 
               is the extended years duration, and 
                 is delayed year duration. 
 
Weighting is not a scientific decision but rather a value-based choice for use to support 
decision making and it includes the TW factor values calculated here. Moreover, there is 
no universally agreed discount rate value for discounting environmental impacts and the 
determination of the rate still remains a value choice. What is agreeable from the relevant 
literature studies such as Hellweg (2003) and Stern (2007) is that the discount rate values 
should be low and typically vary between 0.1% - 2.0%.  
Therefore, it is not appropriate to derive a specific value for the TW weighting factors by 
using a single discount rate. It is proposed to use the typical 0.1% - 2.0% discount range 
to determine the minimum, maximum and medium values of the Tw factors for a specific 
time period. It is proposed that sensitivity analyses are performed to determine whether 
the rates have considerable effect on decision making and to determine which alternative 
remains the most environmentally favourable performing one. 
As an example, Figure 4.10 shows the maximum, minimum and medium TW factors for ‘r’ 
equal to 2.0%, 0.1% and 1% rates, respectively, and over an assumed 60-year period. 
The graph shows, as expected, that as the discount rates become higher, the Tw factor 
values reduce further over the same duration. The 0.1% (very low interest rate) give a 
near constant Tw curve. 
In addition, Figure 4.10 highlights that the difference of the discount rates effects 
decreases as the impact occurrence year approaches approximately half of the analysed 
service year period. All the TW curves converge, but not all to the same point due to 
different curve rates, around year 27 to 29.  After that, the difference of their effects 
increases. It can be concluded that the selection of the discount rate value may not be a 
significant factor if the delayed impact occurs at a point in time around half of the ‘t’ 
duration. In this example, the difference of the TW values using the discount rate range is 
less than 10% difference if the delayed impact occurs between +/- 5 years from year 27. 
Parametric studies are carried out in the next chapter to study the effects of using 
different discount rates and ‘t’ durations. 
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Year 0 10 20 30 40 50 59 
Tw max, 
r=2% 
 
0.029 0.024 0.019 0.016 0.013 0.010 0.008 
Tw 
medium, 
r=1% 
 
0.022 0.020 0.018 0.016 0.015 0.013 0.012 
Tw min, 
r=0.1% 
 
0.017 0.017 0.017 0.016 0.016 0.016 0.016 
 
 
Figure 4.10: Time-value weighting curves for 60 years with discount rates ‘r’ as 0.1%, 1% 
and 2%. 
 
As mentioned, the temporary impact delay measure is an optional alternative. Thus, the 
time-preference concept is only considered if this alternative is proposed for the 
environmental performances appraisal.  
 
Therefore, for the comparative studies that do not require or consider this option, the 
value of the discount rate ‘r’ is zero. The Annual Aggregated Environmental Impact (Ann. 
Agg. EI) (Equation 4.4) remains relevant by calculating the Tw factors with the discount 
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rate close to zero. Table 4.5 presents an example of Tw factor values for an assumed 60-
year period and r ≈ 0.  
Table 4.5: Time-value for an assumed 60 year period and discount rate ‘r’ equivalent to 
zero. 
Year 0 10 20 30 40 50 60 
Discount 
factor 
1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Annuity 
factor 
0.017 0.017 0.017 0.017 0.017 0.017 0.017 
Tw factors 
(DF x AF) 
 
0.017 0.017 0.017 0.017 0.017 0.017 0.017 
 
The Tw factor above is a constant. It is the average (non-discounted) Tw factor for t = 60 
years period, in which: 
           
 
                                   
 = 0.017 
 
Where, 
   is the total analysed service life duration of the structure which is (     ), 
   is the extended service year duration provided by an maintenance measure, and  
    is delayed year duration. 
 
When    =            , the Ann. Agg. EI becomes the average Annual Aggregated 
Environmental Impact. The general Ann. Agg. EI (Equation 4.4) becomes the non-
discounted annual aggregated impact equation as shown in Equation 4.6.  
 
                   =      (∑           ∑                       
∑         ) 
 
                          =   
                                                         
                     
 
(Eqn. 4.6) 
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S5.4 Annual environmental performance (Ann. EI)  
 
This section demonstrates the calculation procedure to determine the Annual 
Environmental Impact (Ann. EI) for discounted and non-discounted impact scenarios. 
 
Non-discounted scenario: Environmental performance appraisal to evaluate the 
environmental efficiency of using longer service life 
For assessing the maintenance performance for a non-discounted scenario, Equation 4 is 
used to calculate the non-discounted Annual Aggregated Impact. 
It is applied to assess the environmental performance of various maintenance strategies 
with different service life improvement capabilities. This helps to determine whether 
increasing the service life duration has any significant benefit to the environment aspect, 
such as using high durability protection paint products to avoid intermediate paint touch 
up during the paint service period. 
This example depicted in Table 4.6 shows that Alternative 1: high durable paint is the 
most environmentally effective solution and the EP ratio is showing the paint is generating 
approximately 50% less impact than the conventional paint. 
Table 4.6: Illustrated assessment of the non-discounted maintenance alternatives 
environmental performance 
Paint maintenances activities 
Alternative 1: High 
durable paint 
Alternative 2: 
conventional paint 
Assumed aggregated impact for 
production of the paint material 
∑           98 units 98units 
Assumed aggregated impact for new 
paint application onto the structure 
∑             
 
30 units 30 units 
Assumed aggregated impact for 
carrying out routine touch up to the 
paint 
∑          0 units 18 units 
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Discounted scenario: Environmental performance appraisal for evaluating the benefit of 
temporary impact delay. 
 
Environmental performance assessment of maintenance alternatives are based on the 
service life improvement and the benefit of temporary impact delay. 
For assessing environmental performance of alternative maintenance strategies that 
evaluate the benefit of temporary impact delay approach, the time-value effect is 
considered in the Annual Environmental Impact performance of the alternatives. Equation 
4.4 is used for estimating the Annual Environmental Impact based on time-value effect 
(Time-value Ann. EI). 
The example shown in Table 4.7 evaluates the potential benefit of temporary impact delay 
of the structural steel repair for 5 years by comparing it with the ‘maintain now’ base 
option. Equation 4.4 is applied to calculate the discounted Annual Aggregated Impact 
between the alternatives.  
 
 
 
 
 
Assumed aggregated impact for 
removing and disposing the paint 
∑          20 units 20 units 
Assumed extended service years 
duration given by the paint 
  30 years 15 years 
Calculated non-discounted time-
value weighting 
    0.03 0.07 
Calculated non-discounted 
Annual Aggregated Environmental 
Impact 
Non-
discounted 
Ann. Agg. EI 
5 unit scores/year 
11 unit scores/ 
year 
Environmental performance 
indicator 
EP ratio 1: 2 
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Table 4.7: Illustrated assessment of the non-discounted maintenance alternatives 
environmental performance 
 
 
Paint maintenances activities 
Alternative 1 
Delayed steel 
repair 
Alternative 2 
Immediate 
steel repair 
Assumed aggregated impact for 
production of steel plates, year i=  0 
∑                  
 
980 units 980 units 
Assumed aggregated impact for 
repairing the structure, year j = 5 
∑                    
 
300 units 300 units 
Assumed aggregated impact for minor 
maintenance to the steel repair system 
during its service period, year k = 30 
∑                 
 
0 units 0 units 
Assumed aggregated impact for 
deconstructing and disposal of the 
steel system, year m = 59 
∑                
 
200 units 200 units 
Assumed discount rate r = 1%    1% 1% 
Alternative 1 to delay for 5 years                  5 years 0 year 
Assumed extended service years 
duration given by the paint 
   55 years 55 years 
Total service life extension    60 years 55 years 
Calculated discounted time-value 
weighting for year i = 0 
          
 
0.022 
 
0.024 
Calculated discounted time-value 
weighting for year j = 5 
         
 
0.021 
 
0.023 
Calculated discounted time-value 
weighting for year k = 30 
         
 
0.016 
 
0.018 
Calculated discounted time-value 
weighting for year m = 59 
        
0.012 
 
0.013 
Calculated discounted Annual 
Aggregated Environmental Impact 
 
Discounted Ann. 
Agg. EI 
29 unit 
scores/year 
33 unit scores/ 
year 
Environmental performance 
indicator 
EP ratio 0.87 : 1.0 
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It can be concluded that the delayed benefit is about 13% less compared to the ‘maintain 
now’ option. 
 
S6 Combined economic and environmental performance assessment  
The combined economic and environmental performance (CEE) score is proposed for 
measuring the overall cost and environmental performance of the maintenance 
alternatives, as presented by Equation 4.7. It is a general equation for non-discounted 
scenario. 
 
          = (                         (Eqn. 4.7) 
where, 
            is the combined economic and environmental score, 
                is the economic weighting factor, 
     is the normalised EAC calculated by using        in Figure 4.11, 
    is the environmental weighting factor, and 
    is normalised Ann. Agg. EI impact calculated by using      ) in Figure 4.11. 
 
The derivation of the CEE score is based on the Simple Multi-Attribute Rating Technique 
using Swings (SMARTS) technique (Edwards and Barron, 1994). The SMARTS is a form 
of multi-criteria decision analysis that involves a scoring and weighting approach.  It is 
selected as the most appropriate technique for highly achieving the following MCDA 
selection criteria (Communities and Local Government, 2009) in explicitly, consistency 
and logical soundness, transparent audit trail and ease of communication and 
computation. Moreover, scores and weighting for MCDA are recommended and practised 
by the U.K. public sector for transport investment appraisals (Communities and Loca 
Government, 2009).  
 
The following are the steps for calculating the weighted CEE score. 
Step 1: Conversion of the LCC monetary values and the Annual Environmental Impact 
scores to a single dimensional utilities 
Combined economic and environmental assessment tool for maintenance of railway bridges 
126 
 
The first step is to convert the Economical Annual Equivalent Costs and the 
Environmental Annual Impact Scores into a single dimensional utility. The relative 
strength preference technique (DCLG, 2009 and Jin, 2007) is used to enable the costs 
and environmental scores to be measured from a same performance scale perspective, 
i.e. 0-100, as shown in Figure 4.11. The LCC costs and environmental scores of the 
alternatives are normalised into a 0-100 score performance, where 0 represents the most 
favourable and 100 the least favourable performance. 
 
        
             
                
    , and  
       
           
              
       
Figure 4.11: Relative strength of preference (Jin, 2007) 
 
Step 2: Derivation of the economic and environmental weighting factors  
Weighting values are assigned to environmental and cost attributes by using the SMART 
swing technique; the total weighting value is equal to unity. Basically, the weighting is 
defined in proportion to the importance and magnitude of the criteria.  
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Step 3: Aggregation of the attribute scores to determine the overall score using Equation 
4.7. 
Finally, the overall economic and environmental weighted score for each potential plan is 
calculated using the additive linear modelling Equation 4.7 above. The lowest weighted 
score plan is selected as the best overall performing alternative. 
Figure 4.12 shows a generalised example on how the SMART normalisation and 
weighting can be adopted in the tool model to produce the overall environmental and cost 
performance score for each of the maintenance plans. In the figure, option D is 
highlighted as the best overall performing option since it has the lowest overall score. 
 
 
 
Figure 4.12: Example of SMART normalisation and weighting process  
 
The time-weighted combined economic and environmental performance (CEE) score of a 
maintenance alternative is presented by Equation 4.8.  
                        = (                           (Eqn. 4.8) 
where,              
      is time-weighted annual environmental scores of the option considered 
which is 
∑               
                             
, 
                is the maximum annual aggregated impact between alternatives, 
and  
                 is the minimum annual aggregated impact between alternative. 
Aggregation of 
environmental performance 
and cost performance 
scores into overall score 
using user specified 
weighting ratio. 
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4.6 Concluding remarks 
This chapter presented the methodology for the combined economic and environmental 
assessment tool. The tool is developed for appraising the economic cost and 
environmental performance of alternative maintenance strategies that have unequal 
working life extension horizons. The model also incorporates an optional step for 
evaluating and comparing a temporary delayed strategy with a ‘maintain now’ base 
scenario by introducing the novel time-weighted function proposed in this research. 
In the methodology, life cycle costing (LCC) and life cycle assessment (LCA) techniques 
are used to estimate the economic cost and environmental impact of the alternative 
maintenance strategies, respectively. The decision evaluation is carried out using a form 
of ‘scoring and weighting’ multi-criteria analysis (MCA) approach, called SMART, to value 
and identify the best combined economic and environmental performing alternative based 
on the decision makers’ values. The SMART method measures and aggregates the 
performances of economic and environmental attributes.  
In addition, the time-value weighting factor (TW) parameter has been proposed for valuing 
the significance (weight) of the impacts in relation to time. Through the TW parameter, the 
temporary impact delay concept can be appraised as one of the options for managing the 
timing of release of environmental emissions arising from maintenance actions. 
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5.0 Demonstration of the developed methodology using a bridge 
case study 
This chapter demonstrates the application of the combined economic and environmental 
assessment model through a metallic bridge case study example. The case study 
maintenance options are evaluated and compared in terms of their economic and 
environmental performances to determine the best overall performance option.  
5.1 Background information 
The case study considers a metallic railway bridge in the U.K. The deck of the bridge was 
found in poor condition and requires intervention to restore it to good condition. Three 
rehabilitation strategies that are investigated are listed below. Their proposed 
maintenance plans are presented in Table 5.1.  
 Option 1: Deck replacement strategy 
 Option 2: Standard deck restoration strategy 
 Option 3: Minor deck restoration strategy 
The assessment of the case study follows the proposed combined assessment 
methodology steps discussed in the previous chapters.  
5.2 Step 1: Definition of assessment goal and scope   
The goal of the assessment is to conduct a comparative life cycle study to evaluate and 
compare the economic and environmental performance of the alternative bridge deck 
maintenance plans and hence determine the best combined cost and environmental 
performance option.  
5.2.1. Functional unit 
A clearly defined functional unit is required for fair comparison between the options. In this 
case study, it is defined as ‘the bridge deck having a good level of serviceability condition 
rating at minimal annualised economic and environmental effects’. 
5.2.2 Scope of study 
The study covers the economic costs and environmental impacts that occur throughout 
the entire service life of the bridge rehabilitation. Figure 5.1 shows the scope of the 
analysis for Option 2, standard deck restoration. The analysis covers the entire life cycle 
of the option including the construction, use and end-of-life stages, including construction, 
use, and end-of life of steel repair, paint treatment and inspection as the three main 
interventions. The economic and environmental inputs fed into the analysis are work and 
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inspection costs and environmental elementary flows (raw materials, energy and water), 
respectively. The economic and environmental outputs are the life equivalent annual cost 
and annual aggregated impacts, respectively. The analysis identifies the combined 
economic and environmental performance of the option through aggregation of the 
economic and environmental outputs using a multi-criteria analysis procedure. The 
following discusses the process of the economic and environmental analyses and the 
multi-criteria analysis. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Scope of life cycle analysis for Option 2. 
 
The economic analysis is performed using the Life Cycle Costing (LCC) approach. It 
covers two common costs associated with the ownership of the bridge that occur 
throughout the working period, i.e. interventions related work costs and inspection costs. 
Since the options compared have different life-cycle working periods, the LCC cost of the 
analysis is calculated in Equivalent Annual Cost (EAC) terms. 
The environmental analysis is performed by a Life Cycle Assessment (LCA) approach 
that covers the potential impacts from the intervention activities and inspections. The 
impacts of the interventions are related to acquisition and processing of raw materials, 
production of materials through use and final disposal of demolition materials and wastes. 
The impacts for the inspections are associated with vehicle fuel usages from journeys to 
the bridge. The calculated impact is presented in annual aggregated environmental 
impact indicators. 
Economic output 
Life cycle cost 
(Equivalent 
Annual Cost) 
 
Environmental 
output 
Annual 
environmental 
impact 
Economic input 
Intervention work 
cost  
Inspection cost 
  
Environmental 
input 
Raw material 
Energy 
Water 
 
Steel repair intervention 
  Paint treatment intervention 
Construction 
Steel repair intervention 
Paint treatment intervention 
End-of-life 
Steel repair intervention  
Paint treatment intervention 
Use 
Inspections intervention 
Overall 
performance 
output 
Combined 
economic and 
environmental 
performance score 
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Finally, the analysis identifies the overall economic and environmental performances of 
the option through a multi-criteria decision analysis (MCDA) by transforming and 
aggregating the EAC cost and annual aggregated impact into a combined performance 
score. The study assesses the scores of the three options individually to identify the best 
overall option. 
5.3 Step 2: Identification of maintenance options and their plans 
The three strategy options considered are Option 1: deck replacement; Option 2: standard 
deck restoration and Option 3: minor deck restoration. Table 5.1 shows their simplified 
maintenance plans.  
 
Table 5.1: Maintenance plans for proposed deck rehabilitation strategy options 
Option 1: Deck replacement maintenance plan 
Year Intervention Quantity 
Assumed cost rate 
(£) 
0 Deck re-construction 46m2 6522/m2 
75 Deck removal and disposal 46m2 1300/m2 
6 year 
interval 
Structural inspection 12 nos. 1000/ inspection 
 
Option 2: Standard deck restoration maintenance plan 
Year Intervention Quantity 
Assumed cost rate 
(£) 
0 
Steel repair and paint 
treatment 
36 m2 5100/m2 
27 
Minor repair and patch 
repainting 
4 m2 repair 
and 2 m2 
repainting 
6830/m2 repair + 
4620/m2 repainting 
32 
Repaired system removal and 
disposal 
36 m2 1020/m2 
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6 year 
interval 
Structural inspection 5 nos. 1000/ inspection 
 
Option 3: Minimal deck restoration maintenance plan 
Year Intervention Quantity 
Assumed cost rate 
(£) 
0 Steel repair 12 m2 4580/m2 
5 Steel repair 12 m2 4580/m2 
10 Steel repair 12 m2 4580/m2 
15 Minor repair 1 m2 6830/m2 
21 
Repaired system removal 
and disposal 
36 m2 1020/m2 
6 year 
interval 
Structural inspection 2 nos. 1000/inspection 
 
The forecasted activities for Option 1 and 2 have been provided by Network Rail (Network 
Rail, September 2014) except the removal and disposal cost, which is estimated at 20% 
of the construction cost due to unavailable data. Also, Option 3 is indicative, assuming the 
works are carried out in three parts within a ten-year period.  Moreover, it is assumed that 
structural inspection is carried out every 6 years for all the options.  
It is assumed that during the working life of the strategies, the deck structure is in service 
to the required level of performance. The working life ends when the strategy is no longer 
effective and will be replaced by the next strategy.  
5.4 Step 3: Common modelling platform 
The common modelling platform is based on the ISO 60300 element concept approach 
(BS EN 60300, 2004) to facilitate estimation of the cost and the environmental impact by 
breaking down a strategy with its costs and environmental impacts into their constituent 
costs and environmental elements. Through this approach, the most significant cost and 
environmental drivers can be readily identified.  
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Figure 5.2 illustrates a common modelling structure for Option 2. The general framework 
for the modelling structures of Options 1 and 3 is the same as the one shown in Figure 
5.2 except those intervention activities that are specific to the particular option studied.  
The four aspects of the common modelling platform are product structure, life cycle 
stages, cost categories and environmental impact categories. The product structure is the 
breakdown of activities of the collective interventions over the life of the strategy. For 
example, the product breakdown activities for the steel repair intervention over the life of 
Option 2 strategy are steel plating repair, minor repair and demolition and disposal of the 
steel repaired section, as depicted in Figure 5.2. Because the bridge system consists of 
multiple elements, the product structure is organised into three classification levels: the 
bridge deck element studied, the life-cycle stages of the strategy option (construction, use 
and end-of-life stage) and the main intervention activities identified over the life cycle 
stages of the strategy.  
The study determines what cost and environmental categories should be analysed. For 
instance, if the aim is to determine the cost of materials and equipment, then the cost 
categories would be classified into materials cost and equipment cost. All types of 
materials used in the intervention activities and their costs are identified under the 
material cost category. The categories identified would consequently lead to establishing 
the appropriate cost and environmental elements required for the analyses. For the 
example above, cost elements are identified for each different material such as steel, 
concrete and timber. The defined cost elements are useful for directly revealing the 
dominant cost category and cost element itself such as material category and steel, 
respectively. As mentioned before, element accounting is useful for identifying critical 
issues. 
In addition to identifying the best overall strategy, this study also determines the critical 
maintenance cost, impact category and dominant cost and environmental activities. 
Maintenance costs are classified into work cost and inspection cost categories, as shown 
in Figure 5.2. This enables identification of the appropriate cost elements (CEs) that 
represent the work cost or inspection cost of a particular product breakdown activity. As a 
result, the most costly interventions and their activities can be directly identified. Table 5.3 
shows the cost elements identified for Option 2. 
To enable identification of the significant impacts, a list of impact categories that are 
commonly assessed and reported for the construction sector under the BS EN 15686 
standard (BS EN 15686, 2008) is considered in the environmental structure, as shown in 
Figure 5.2. These impacts are abiotic depletion (AD) of elements and fossil fuels, 
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acidification (AC), eutrophication (EU), global warming potential (GWP), ozone depletion 
(OD) and photochemical oxidation creation (POC). The environmental elements (EEs) are 
identified and each represents the link between an impact category and a product 
breakdown activity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Common modelling structure overview for bridge deck restoration strategy 
option 
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Table 5.1 and 5.2 shows the cost elements (CEs) and environmental elements (EEs) 
identified for Option 2, respectively. 
Table 5.2: Cost elements of Option 2 
Cost element number Cost element description 
CE2.1 Work cost of steel plating repair and repainting 
CE2.2 Work cost of minor repair 
CE2.3 Work cost of patch repainting 
CE2.4 Inspection cost of structural inspections 
CE2.5 Work cost of steel plating deconstruction and paint removal 
 
Table 5.3: Environmental elements of Option 2 
Environmental elements relating intervention activities and impact categories 
Intervention 
activity  
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Steel plating 
and repainting 
EE2.1 EE2.2 EE2.3 EE2.4 EE2.5 EE2.6 EE2.7 
Minor steel 
repair 
EE2.8 EE2.9 EE2.10 EE2.11 EE2.12 EE2.13 EE2.14 
Patch 
repainting 
EE2.15 EE2.16 EE2.17 EE2.18 EE2.19 EE2.20 EE2.21 
Inspections EE2.22 EE2.23 EE2.24 EE2.25 EE2.26 EE2.27 EE2.28 
Steel plating 
deconstruction 
EE2.29 EE2.30 EE2.31 EE2.32 EE2.33 EE2.34 EE2.35 
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The cost element amount is calculated based on Equation 5.1: 
                                            (Eqn 5.1) 
where    and    are the cost units and quantities of the intervention work, possession 
and inspection due to the product breakdown, respectively. 
 
Equation 5.2, postulated in Chapter 4, provides the general mathematical expressions for 
the EE link.  
                                             ∑              (Eqn 5.2) 
where    and   are the environmental impact units and quantities of the six 
environmental impacts caused by product breakdown, respectively. 
 
5.5 Step 4 Economic performance analysis 
The life cycle cost technique used is the Equivalent Annual Cost (EAC), which converts all 
costs occurring over a period of time to an equivalent uniform annual amount (Riggs, 
1977). EAC (Equations 5.3) and Annuity Factor (Equation 5.4) are applied for calculating 
EAC costs for each strategy option. A discount rate of 3.5% is assumed for this study. 
 
     ∑                             (Eqn.5.3) 
       
 
   
     
 
     (Eqn.5.4) 
   
where EAC is Equivalent Annual Cost, ∑      is total net present value calculated,    is 
annuity factor, r is discount rate and T is the life span of the option.  
Based on this information, Table 5.5 shows the calculated equivalent annual costs (EAC) 
for the three strategies investigated in this case study. Option 1 deck replacement has 
clearly the highest EAC equal to £11684. Small difference is observed between Options 2 
and 3; their EAC costs are £11131 and £11106, respectively. 
Although the total net present costs of Option 2 shown in Table 5.4 are approximately 
30% more than those of Option 3, their EACs are comparable because of the longer 
working life (life cycle period) of Option 2.  
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Table 5.4: Economic assessment results for deck maintenance options 
Strategy 
option 
Total net present 
value (£) 
Working life 
(years) 
Equivalent 
annual cost (£) 
Ranking 
Option 1 308540 75 11684 
Most 
expensive 
Option 2 212260 32 11131 
Second least 
cost 
Option 3 165952 21 11106 Least cost 
 
5.6 Step 5 Environmental performance analysis  
5.6.1 Production of impact potentials results through Life Cycle Assessment analyses 
The first step of environmental analysis is estimating the impact potentials for the 
maintenance plans of the options. The LCA analysis for this study follows the ISO 14040 
methodology steps for inventory analysis and impact assessment, and is performed using 
GaBi 6 software v1.0 (PE International, 2012). Inventory analysis involves data collection 
and quantification of input flows (raw materials, energy and water) and output emissions 
associated with each strategy’s process system. Output emissions are then classified and 
characterised into seven impact categories by applying the CML 2001-November 2010 
(Guinée et. al., 2002) impact assessment methodology. The LCA calculation is described 
in detail in Appendix A.  Tables 5.5, 5.6 and 5.7 show the calculated impact potentials of 
the three options investigated. The LCI databases, i.e GaBi Database’11 (PE 
International, 2011) and Ecoinvent v2.2 database (Ecoinvent Centre, 2010) are used to 
produce the LCIA results.  
Table 5.5: Option 1 deck replacement strategy impact potential results 
Impact 
categories 
Deck construction 
(46m2) 
Inspections 
(12 nos.) 
Deck 
deconstruction 
and disposal 
(46m2) 
Abiotic depletion, 
element (kg Sb 
eq.) 
0.2 1.35x10-5 5.6x10-5 
Combined economic and environmental assessment tool for maintenance of railway bridges 
138 
 
Abiotic depletion, 
fossil (MJ) 
1062614 1843 3461 
Acidification 
(kg SO2 eq.) 
276 0.5 5 
Eutrophication 
(kg PO4 eq.) 
26 0.1 0.4 
Global warming 
(kg CO2 eq.) 
102715 136 639 
Ozone depletion 
(kg CFC-11eq.) 
4.3x10-4 2.0x10-5 1.48x10-5 
Photochemical 
oxidant creation 
(kg Ethene eq.) 
49 0.1 0.7 
Note: LCIA results produced from LCI databases: GaBi Database’11 (PE International, 
2011) and Ecoinvent v2.2 database (Ecoinvent Centre, 2010). 
 
Table 5.6: Option 2 standard deck restoration strategy impact potential results 
Impact 
categories 
Steel 
plating 
and 
repainting 
(36m2) 
Minor 
repair 
(4m2) 
Patch 
repainti
ng 
(2m2) 
Inspection 
(5 nos.) 
Repair plating 
deconstruction 
(36m2) 
Abiotic 
depletion, 
element (kg Sb 
eq.) 
9.2E x10-3 4.1 x10-4 1.9x10-4 5.6x10-6 2.8x10-6 
Abiotic 
depletion, fossil 
(MJ) 
260129 20671 974 768 1863 
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Acidification 
(kg SO2 eq.) 
68 5.4 0.3 0.2 0.6 
Eutrophication 
(kg PO4 eq.) 
6 0.4 0.05 0.06 0.13 
Global warming 
(kg CO2 eq.) 
23363 1899 66.11 56.69 132.80 
Ozone 
depletion 
(kg CFC-11eq.) 
3.5x10-5 6.6x10-7 1.1x10-6 8.5x10-6 2.6x10-7 
Photochemical 
oxidant creation 
(kg Ethene eq.) 
13 1 0.03 0.05 0.06 
Note: LCIA results produced from LCI databases GaBi Database’11 (PE International, 
2011) and Ecoinvent v2.2 database (Ecoinvent Centre, 2010). 
 
Table 5.7: Option 3 Minimal deck restoration strategy impact potential results 
Impact 
categories 
Steel plating and repainting 
(12m2 repaired per 
intervention x 3 interventions) 
Inspection 
(2 nos.) 
Steel plating 
deconstruction 
(36m2) 
Abiotic depletion, 
element 
(kg Sb eq.) 
2.4 x10-3 x 3 nos.= 7.2 x10-3 2.2 x 10-6 2.19 x10-6 
Abiotic depletion, 
fossil (MJ) 
67859 x 3 nos. = 203577 307 1458 
Acidification 
(kg SO2 eq.) 
17 x 3 nos. = 51 0.08 0.4 
Eutrophication 1 x 3 nos.= 3 0.02 0.1 
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(kg PO4 eq.) 
Global warming 
(kg CO2 eq.) 
6094 x 3 nos. = 18282 22 103 
Ozone depletion 
(kg CFC-11eq.) 
9.2 x10-6 x 3 nos. = 27.6 x10-6 3.4 x10-6 2.1 x10-7 
Photochemical 
oxidant creation 
(kg Ethene eq.) 
3 x 3 nos.= 9 0.02 0.05 
Note: LCIA results produced from LCI databases: GaBi Database’11 (PE International, 
2011) and Ecoinvent v2.2 database (Ecoinvent Centre, 2010). 
 
5.6.2 Production of aggregated impact through normalisation and weighting  
The next step is to normalise and weigh the impact potential results to express an 
aggregated impact index. The aggregation is expressed by Equation 5.5:  
                                     
 
                      
                (Eqn 5.5) 
 
The global reference CML World 1995 normalisation values (Huijbregts et. al., 2003) are 
used for normalising the impacts (see Table 5.2). Weighting is not a scientific decision but 
rather a value-based choice. The BRE Green Guide weighting values (Anderson et. al., 
2009) reflect the U.K. environment and society’s perspective, as shown in Table 5.8. 
 
Table 5.8: Normalisation and weighting sets applied for impact assessment. 
Environmental 
impacts 
Normalisation reference 
value CML World’95 
(Huijbregts et. al., 2003) 
Weighting value 
BRE 
(Anderson et. al., 2009) 
AD for elements 3.6⨯10
8 kg Sb eq. 9.8 
AD for fossils 3.2⨯10
14  MJ 3.3 
AC 3.2⨯10
11 kg SO2 eq. 0.05 
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GW 4.2⨯10
13 kg CO2 eq. 
21.6 
EU 1.3⨯10
11 kg PO4 eq. 
3.0 
OD 5.7⨯10
8 kg CFC-11eq. 9.1 
POC 9.5⨯10
10 kg Ethene eq. 0.20 
 
5.6.3 Annualised average aggregated impacts  
So far, the aggregated impact is associated with different life spans of the strategies. 
Therefore, the impact is averaged over the life of each strategy to obtain an annualised 
average environmental impact. Table 5.9 shows the annualisation of the total aggregated 
impact for each option into annual average aggregated impacts. The lower the annual 
impact value, the better the option environmental performance is considered to be. 
 
Table 5.9: Estimated total and annual average environmental impact indicators 
Strategy 
option 
Total aggregated 
impact 
(index) 
Working life 
(years) 
Annual average 
aggregated impact 
(index) 
Option 1 7.3 x10-8 75 9.7 x10-10 
Option 2 1.5 x 10-8 32 4.6 x10-10 
Option 3 1.3 x10-8 21 6.4 x10-10 
 
Based on the results presented in Table 5.9, Option 2 is the most environmentally 
efficient, followed by Options 3 and 1. One of the main reasons that Option 2 performs 
best is its considerably longer working life compared to Option 3, even though its 
aggregated impact is slightly higher than that of Option 3. Working life plays an influential 
role in determining the environmental performance. Another factor is the extent of the 
works, in which Option 2 uses significantly less resources than Option 1. Because Option 
1 is about producing a new steel deck, it requires approximately 400% higher amount of 
steel plates to construct a 1m2 deck section compared to the steel required to repair the 
same deck area. 
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5.7 Step 7: Multi-criteria decision analysis (MCDA) 
The assessment model combines the economic and environmental indicators into a 
combined score using the MCDA SMARTS method (Edward and Barron, 1994). Firstly, 
the calculated EAC and the annual environmental indicator results are transformed into a 
common scale ranging from 0 to 100 unit scores, using the relative strength of preference 
method (Goodwin and Wright, 1998). Table 5.10 shows the transformed economic and 
environmental scores, SAC and SAE, for the three strategies.  
 
Table 5.10: Transformed scores of EAC and annual aggregated impact of the 
strategies 
Strategy 
options 
Economic score (SAC) Environmental score (SAE) 
Option 1 100 points 100 points 
Option 2 4 points 0 points 
Option 3 0 points 34 points 
 
The results show that Option 1 performs worst in both economic and environmental 
criteria. Option 2 performs second in economic score but best for environmental score. 
On the other hand, Option 3 has the best economic score but is second in environmental 
criteria.   
 
5.7.1 SMARTS application 
Next, the economic and environmental scores are aggregated using SMARTS method, as 
shown by Equation 5.6:  
          = (                       (Eqn. 5.6) 
where CEE is the combined annual economic and environmental weighted score for the 
maintenance option considered,    and    are the economic and environmental 
weighting factors (having a sum equal to 1.0) and     and     are the annual economic 
and environmental scores.  
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5.7.2 Specify weighting values 
The model allows decision-makers to specify their own economic and environmental 
weightings based on stakeholders’ judgement. Alternatively, the Swing method (Edwards 
and Barron, 1994) embedded in the SMARTS technique can be applied. The following 
example describes how the SWING working step outlined in Chapter 4 is applied for this 
case. 
Step 1: Start rank ordering the relative importance of the economic and environmental 
criteria by taking into account their cost and annual environmental index difference. In the 
case study, the cost difference of the economic criteria between worst and best EAC 
costs is only 5%, while the difference between the annual environmental impact indexes 
from worst to best is 52%.  
Step 2: Choose the first criterion that benefits most from improvement of its value (from 
worst to best) and assign 100 points. Because the cost difference is small, the change 
from worst to best makes little improvement in the cost decision. However, there would be 
52% improvement in the environment criteria if the value of the worst impact changes to 
the best. Thus, the environment is chosen as the first criterion and is assigned 100 points.  
Step 3: Compare the two criteria and decide how important the cost improvement is from 
worst to best compared to the environment’s 100 points. In this case, it is assumed that 
the cost is 60% as important as the environment’s 100 points, and is given 60 points. 
Finally, the weighting points are normalised to 1.0 to elicit the relative weights, i.e., WC 
and WE, between the criteria and the WC and WE values as shown in Table 5.11. 
 
Table 5.11: Elicited economic and environmental weightings using SWING 
Criteria 
Swing 
weighting 
Normalised 
weighting 
Environment 100 points WC = 0.6 
Economic 60 points WE = 0.4 
Total weights 160 points 1.0 
 
Using Equation 5 and the SAC, SAE, WC and WE values presented in Tables 5.10 and 5.11, 
the combined economic and environmental scores of the strategy options are finally 
calculated and presented in Figure 5.3. The best overall performing option is found to be 
Option 2 having the lowest score.  
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 Figure 5.3: Overall performance score of the strategies with SWING assessment 
 
5.8 Interpretation of results for standard combined performance assessment  
Sections 5.1 through 5.7 demonstrated the working process of the combined economic 
and environmental assessment method and found that the best overall performance deck 
rehabilitation strategy is Option 2.  
The aims of this section are to:  
 determine the critical cost and environmental drivers through identification of 
dominant cost elements (CE) and environmental elements (EE) of the options; 
and 
 assess the robustness of the best overall option identified by the model for this 
case study through sensitivity analyses.  
5.8.1 Critical economic and environmental drivers 
As mentioned, this study is also interested in determining the critical maintenance cost, 
impact category and dominant cost and environmental activities. The combined decision 
model identifies these critical issues through the elements method. 
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Economical cost drivers 
Figures 5.4, 5.5 and 5.6 present the life cycle costs for all the options and identify the 
critical economic drivers.  
 
Figure 5.4: LCC cost breakdown for Option 1 deck replacement strategy 
 
 
Figure 5.5: LCC cost breakdown for Option 2 standard deck repair strategy 
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Figure 5.6: LCC cost breakdown for Option 3 minimal deck repair strategy 
 
The findings can be summarised as follows. 
 For all options, the most significant cost contributor is deck rehabilitation 
construction (see Figures 5.4 – 5.6, CE1.1, CE2.1 and CE3.1).  These comprise 
significant amounts (86%-97%) of the total cost of their respective option.  
 Deconstruction is the second cost contributor for Options 2 and 3, comprising only 
a small amount (6% and 10%) of the total cost of their respective options. For 
Option 1, deconstruction cost and inspection cost are insignificant, accounting for 
1% to 2% of the total cost, respectively.  
 Even though the non-discounted deconstruction cost is four times higher than the 
inspection cost, their LCC costs show little difference. Deconstruction cost has 
been discounted extensively because it occurred at the end of a long time period 
in the future.  
 The inspection and minor repair and painting costs for Options 2 and 3 are very 
low, lower than 5% of the respective options’ total cost.  
 Thus, deck rehabilitation construction is the critical cost driver for all options. 
Inspection, minor repair and patch repainting have negligible effect and could be 
ignored in cost studies. This also shows the impact of discounting, occurrence 
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timing and time horizon has on cost significance. Reduction of construction cost 
would have the most favourable effect on the options’ cost. 
Environmental drivers 
Figures 5.7, 5.8 and 5.9 show the annual weighted impact for Options 1, 2 and 3, 
respectively.  The findings of the figures are discussed below. 
 
    Note: Y-axis values – “2.0E-10” means “2.0 x10-10” 
Figure 5.7: Environmental elements breakdown of Option 1 
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    Note: Y-axis values – “2.0E-10” means “2.0 x10-10” 
Figure 5.8: Environmental elements breakdown of Option 2 
 
 
       Note: Y-axis values – “2.0E-10” means “2.0 x10-10” 
Figure 5.9: Environmental elements breakdown of Option 3 
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 The critical life cycle stage of Options 1, 2 and 3 is clearly the construction stage. 
Deck reconstruction, major steel repair and repainting and major steel repairs are 
the key environmental drivers for their respective options. 
 Global warming, abiotic fossil depletion and acidification are the dominant impacts 
for these options. Most of them occurred during the construction, as indicated by 
EEs1.2, 1.3 and 1.5 in Figure 5.7, EEs 2.2, 2.3 and 2.5 in Figure 5.8 and EEs 3.2, 
3.3 and 3.5 in Figure 5.9. The most dominant is the construction’s global warming, 
contributing 70%, 63% and 67% of the overall annual impact of Option 1, 2 and 3, 
respectively. 
 The next dominant impact is construction’s abiotic fossil depletion, contributing 
15%, 17% and 14% of total annual impact of Options 1, 2 and 3, respectively. 
Construction acidification contributes 11%, 13% and 11% of the overall impact of 
the options, respectively. 
 The environmental impact from inspections and deck deconstruction are very low 
for all options and is caused by emissions from transportation and construction 
machinery. They can be neglected from the study. 
 
The construction stage is further analysed to identify the key activity contributors. Figures 
5.10, 5.11 and 5.12 depict the impact contributions from the construction activities for the 
three Options. Findings of the analyses are summarised below. 
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Note: Y-axis values – “2.0E-10” means “2.0 x10-10” 
Figure 5.10: Process breakdown of Option 1 deck renewal at construction 
 
 
Note: Y-axis values – “2.0E-10” means “2.0 x10-10” 
Figure 5.11: Process breakdown of Option 2 steel repair and repainting at construction 
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Note: Y-axis values – “2.0E-10” means “2.0 x10-10” 
Figure 5.12: Process breakdown of Option 3 steel repair at construction 
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others such as Du (2012). This study reinforces the finding that the production of 
steel components is a main environmental contributor to the bridge structure. Du 
(2012) found that steel contributed 86% of the total impact. Both studies found that 
impact from construction machinery and transportation is very low. 
5.8.2 Summary of findings for economic and environmental drivers 
Both cost and environmental drivers identified rehabilitation works (construction) of the 
different strategies as the most significant contributor and responsible for mostly the cost 
and environmental burdens.  
For costs, it is not possible to break down the activity costs further to analyse the causes 
due to lack of detailed data. However, the analysis above clearly shows that steel plate 
production process is the primary environmental contributor to the options. Thus, the steel 
process input is an important parameter and any input change could potentially influence 
the outcome of the results. Its significance to the robustness of the overall results is 
investigated by sensitivity analysis in the next section.  
5.8.3 Sensitivity analysis  
To assess the robustness of the result of the combined model, sensitivity analysis is 
performed using other parameters. The analysis outputs could be affected by uncertainty 
arising from the data provided for modelling and assumptions made in the study. It can 
also be affected by the modelling choices, such as using Global or Europe weightings set, 
that produce outcomes for certain scenarios. 
Therefore, sensitivity analysis is performed to test the robustness of the result. In this 
sensitivity analysis, the original parameter values are varied one at a time by +/-15% for 
all options. The resulting variation of the combined scores is compared to the original 
scores. As a result, how the variation affected overall performance is investigated and the 
most sensitive parameter is identified.  
Section 5.8.1 highlights that the influence of inspection, minor repair and minor repainting 
activities on the cost and environmental performance. The combined performance is very 
minor. As a result, they are not tested for sensitivity and only the key model parameters 
listed in Table 5.12 are analysed.  
The analysis includes steel plate used for deck reconstruction for Option 1 and major 
steel repair for Options 2 and 3, since steel was identified as a significant environmental 
contributor. Because the cost of steel plate production is unavailable, the analysis is 
performed for two scenarios, i.e., ‘with change to the original reconstruction or steel repair 
costs’ and ‘without change to the original deck or steel repair costs’.  It is assumed for the 
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‘with cost change’ scenario that the deck reconstruction or repair cost of the options 
changes equal to 15% change of the steel quantity. 
Table 5.12: Parameters analysed in sensitivity check 
Parameters tested 
 
Variation in 
Option 1  
Variation in 
Option 2 
Variation in 
Option 3 
Rehabilitation work cost Deck 
reconstruction 
cost varies by 
+/-15% 
Steel repair 
and repainting 
cost varies by 
+/-15% 
Steel repair cost 
varies by +/-
15% 
Deconstruction work cost Deck removal 
cost varies by 
+/-15% 
Repainted and 
repair removal 
cost varies by 
+/-15% 
Repair removal 
cost varies by 
+/-15% 
Rehabilitated area New deck area 
varies by +/-
15% 
Repair and 
repainting 
areas varies 
by +/-15% 
Repair area 
varies by +/-
15% 
Discount rate Original discount rate 3.5% varies by +/-15% 
Working life duration Original life years of each option varies by +/-15% 
Economic and environmental 
weightings ratio (WC/WE) 
Original WC/WE ratio varies by -15%, giving 34/66, 
and by +15%, giving 46/54 
Steel plate quantity Scenario 1: Steel kg/m2 varies by +/-15% + cost 
varies +/-15% 
Scenario 2: Steel kg/m2 varies by +/-15% only 
 
The results of the sensitivity check are reported in Table 5.13 which shows the new 
combined performance scores for +/-15% variation to the original parameter values and 
indicates the ranking between the options. The scoring distance between the options 
reveals how comparable the options’ performance is relative to each other. 
The original ranking based on the combined scores is Option 2 (best with 2 points), 
Option 3 (second best with 21 points) and Option 1 (third with 100 points). Throughout the 
analyses, except for the variation in the economic and environmental weighting ratio, the 
original economic and environmental weighting ratio is set at 40% and 60%. 
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Table 5.13: Combined performance results of the parameters tested in sensitivity check 
 Combined scores with -15% 
parameter value change 
Combined scores with +15% 
parameter value change 
Parameters 
tested 
 
Option 1 Option 2 Option 3 Option 1 Option 2 Option 3 
Rehabilitation 
work cost 
100 2 21 100 2 21 
Deconstruction 
work cost 
100 5 21 100 0 24 
Rehabilitation 
area 
100 7 21 100 0 23 
Steel plate 
quantity 
100(1) 2(1) 21(1) 100(1) 2(1) 21
(1) 
Discount rate 63 15 58 100 9 21 
Working life 
duration 
63 11 58 100 7 21 
Economic over 
environmental 
ratio (WC/WE) 
100 1 22 100 2 18 
Note (1): The combined score results of the ‘steel plate quantity’ parameter is for both with and 
without cost changes scenarios.  
 
The sensitivity analysis reveals that although variations of the parameter values lead to 
some changes to the combined score outcomes, the ranking of the options remains 
unchanged. Option 2 is still the best alternative for all parameters considered (see Table 
5.13), with its lowest scores highlighted in bold.  
The score changes for ‘rehabilitation cost’ and ‘steel quantity’ remain constant despite the 
changes, revealing that changes to the parameters’ values do not affect relative 
performance between the options. This is because steel is the dominant factor for all the 
options and it is also the dominant factor in the ‘rehabilitation cost’. Thus, +/- 15% on the 
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parameters has equal impact on each option and hence it does not change the options 
ranking. 
Overall, the result outcome is considerably robust because the score differences between 
the best Option 2 and the next best Option 3 are fairly far apart despite a considerable 
30% change.  
If the rehabilitation material used in these options is different, then the options ranking 
may change.  For instance, a different material, i.e. carbon fibre reinforced plastic (CFRP) 
may bes used in Option 2 with the material used in Option 1 and 3 being steel. For Option 
2 it may be assumed that 10% less material is used whereas the rehabilitation cost is 
20% more expensive and is 20% higher in term of environmental impact. In this case, the 
original ranking of the combined scores would change with the ranking being; Option 3 
(the best instead of Option 2), Option 2 (becomes the second best) and Option 1 (the 
third).  Although the use of CFRP reduces the amount of material consumed, its higher 
cost makes it less favourable compare to steel. In order for it to be selected as the best 
option, the amount of CFRP material consumed has to be at least 80% lesser than steel.  
To confirm the robustness of the solution, further sensitivity analyses are performed on 
parameters with the closest score differences between Option 2 and Option 3, i.e., +15% 
discount rate and -15% rehabilitation area.   
In addition, the -15% discount rate and -15% working life period values show quite a 
significant change to their scores for all options. Further sensitivity is also performed on 
the discount rate to investigate the effect of low discount rate on the options. However, 
further sensitivity check is not performed on the ‘working life period’ since the 15% 
reduction of working life years for Option 2 (with minor repair and patch repainting at year 
27) is at absolute minimum years, i.e., 28 years.  
Furthermore, Table 5.13 indicates that increasing the ‘economic over environmental ratio’ 
results in closer scores between Options 2 and 3. Cost is often considered the most 
important criteria in the decision process, particularly in constrained budgetary situations. 
In such a case, the economic over environmental ratio would be high. Thus, an additional 
sensitivity check investigates the scenario in which cost weighting is high to absolute 
critical relative to environmental weighting. 
Figures 5.13 to 5.15 show the results of these further analyses. Figure 5.13 depicts 
combined scores for the ‘rehabilitated area’ parameter tested for changes ranging 
between -45% and 30%. Figure 5.14 shows combined scores for ‘discount rate’ change 
between +/-90%, where the rate value ranges from 0.35% to 6.7%. Finally, Figure 5.15 
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illustrates combined scores for increases of ‘economic over environmental ratio’ between 
100:0 and 40:60. 
 
Figure 5.13: Combined scores for ‘rehabilitated area’ variations between -45% and 30% 
     
 
Figure 5.14: Combined scores for the ‘discount rate’ variation between -45% and 30% 
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Figure 5.15: Combined scores for the ‘economic over environmental ratio’ variation 
 
The results of the further analyses for the case study can be summarised as follows.  
 Option 3 has the lowest combined scores and becomes the best preferred option 
when the options’ rehabilitated areas are reduced by 30% or more from their 
original values.   
 Figure 5.14 shows the effect of the discount rate variation between +/-90%, i.e., 
from 0.35% to 6.7%. Although the difference in scores between Options 2 and 3 
become closer as the original rate increases to 90%, Option 2 still remains the 
lowest option. Option 2 also consistently remains the lowest score as the original 
rate decreases to a very low 0.35%. The Innotrack project (Innotrack, 2007) found 
that the rates used in Europe infrastructure projects fall into 3%-5% range. It 
recommends a 2%-6% range for sensitivity studies. Thus, this further confirms 
Option 2 as the best option. 
 Interestingly, the overall performance of Option 1 and Option 3 becomes more 
comparable when the discount rate is less than 15% of its original rate (see Figure 
5.14). This is caused by ranking change between the options in the cost aspect. At 
this point, Option 1 becomes the best cost-effective option, while Option 3 is the 
worst.  
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 Figure 5.15 shows the combined score results for scenarios in which the 
importance of cost increases to absolute importance. Option 3 becomes the best 
option when economic cost is 90% to 100% more important than the 
environmental aspect. Therefore, when cost is very highly regarded as the most 
important criteria, Option 3 is the best alternative, although the difference between 
the two options is small. 
 Figure 5.16 shows the EAC costs of all options in relationship to the percentage 
change from the original discount rate value. It also shows that the point of cost 
ranking change among the options occurs when the discount rate is 5% to 10% 
lower than the original rate; the discount rate is 3.1% to 3.3%. Thus, the economic 
result of the case study is sensitive to discount rate change. This is not found in 
the combined score results because it is heavily influenced by the environmental 
assessment outcome and the environmental bias weightings ratio. 
 
Figure 5.16: Equivalent annual costs for discount rates change between +/-30% 
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5.9 Validation of the time-weighted model 
Before the bridge case is assessed by the time-weighted impact model, a simplistic 
scenario analysis is first performed for model validation to ensure the model (a) is 
producing lower time-weighted environmental score (STWE) as the replacement work is 
delayed further into future, and (b) consistently does so with different discount rate values 
used in time-weighting factors (TWt). As a result, the model can reveal the best delayed 
scenario with the least STWE score among the scenarios. Finally, the model should be able 
to identify the best delayed scenario for overall economic and environmental 
consideration with the least time-weighted combined score (TW CEE). 
For ease of reference, the time-weighted combined economic and environmental 
performance score, time-weighted environmental score and time-weighting factor 
equations are presented here from Chapter 4 is presented here. 
                        = (                           (Eqn. 5.7) 
      = 
∑               
                             
    (Eqn 5.8) 
                  
       
                 
      (Eqn.5.9) 
where CEE, WAC, SAC and WAE are as stated in the equation of Chapter 4, STWE is the 
time-weighted annual environmental score for the maintenance option considered, annual 
Agg.EI is the annualised aggregated environmental impact of the option considered, Ann. 
Agg. EImin and Ann. Agg. EImax are the lowest and highest annualised aggregated impact 
between options considered, TW is the time-weighting factor, r is the discount rate, n is 
the year the maintenance work occurred and T is the total life span of the temporary 
deferred emission strategy, i.e., the sum of deferred period and service life duration of an 
intervention measure.  
The deck replacement activity from Option 1 is analysed for different delayed timings 
scenarios, i.e., 10, 20, 30, 40 and 50 years. The discount rates considered for the 
environmental aspect are between 0.1% and 6% (see Table 5.14). Figure 5.22 shows the 
results of the analysis.  
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Table 5.14: Simplistic scenarios for deck replacement delays 
Simplistic scenario for deck replacement delays 
Year Intervention Quantity 
Delays considered Discount rates 
considered for 
environment 
0 
Deck 
reconstruction 
46m2 
10, 20, 30, 40 and 50 
years 
0.1%, 2%, 4% and 6% 
 
 
Figure 5.17: Time-weighted environmental scores (STWE) for different replacement work 
delay timings 
Figure 5.17shows that the STWE score decreases with deferment of the replacement work 
within the analysis scoring between a range 0 to 100 points. This fulfils the first checking 
criteria (a). Also, the model fulfils the second criteria by consistently showing lower scores 
for longer delay timings in all discount rate cases. The model reveals that the 50-year 
delay scenario is the best performing for environment criteria among other delay 
scenarios considered. This is as expected since the longest delay scenario would have 
the least STWE score. 
To ensure the model can identify the best overall economic and environmental option, the 
time-weighted combined performance scores are calculated and presented in Figure 5.19.  
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For the economic calculation, the deck reconstruction cost from the original Option 1 is 
used for calculating the EAC cost of this delay case and the original 3.5% discount rate is 
applied.  
Figure 5.19 shows the result of the economic performance (SAC) for the deck replacement 
delay scenarios. The economic and environmental weightings (WAC and WAE) are defined 
as equal. Figure 5.18 shows the time-weighed CEE scores of the delay scenario options. 
 
Figure 5.18: Economic performance scores (SC) for different replacement work delay 
timings 
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Figure 5.19: Time-weighed combined economic performance scores (Time-weighted 
CEE) for different replacement work delay timings 
 
Both Figures 5.17 and 5.18 show that the 50 year delay of the deck replacement has the 
least environmental and cost scores, which is as expected. The 50 year delay is the best 
overall delayed option with the least time-weighted CEE score as shown in Figure 5.19. 
This is valid for all discount rate cases. This exercise proves the model is capable of 
identifying the best delayed scenario for overall economic and environmental 
consideration. 
 
5.10 Optional time-weighted impact approach  
The validity of the standard combined model has been illustrated using the bridge case 
study. In this section, the optional time-weighted model is demonstrated. The time-
weighted decision model gives decision-makers the opportunity to examine different 
delayed maintenance scenarios and helps them to identify the consequences of such 
delays for the environment and the overall decision, taking into consideration the near 
future greener technology or engineering practices. 
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The previous analysis found that Option 1 deck replacement has the worst environmental 
performance and produces significantly higher environmental impact than the other 
options. In this section, the bridge case study is further analysed by examining different 
possible delay scenarios of Option 1. 
 
5.10.1 Background of the subsequent bridge case study 
The previous analysis found that Option 1 deck replacement has the worst environmental 
performance and produces significantly higher impact than the other options. In this study, 
let us assume that the decision makers envisages that the environmental impact of this 
option could be improved in the near future, i.e., 5 to 15 years, by benefiting from the 
development of a new bridge form that uses less steel, i.e., lean bridge deck. Such 
innovations could improve the environmental burden of this option considerably, 
particularly on the major impacts of global warming, abiotic fossil and acidification. As 
determined from the previous analysis, steel is the single critical environmental 
contributor. In addition, the delay strategy would not compromise the minimum safety and 
reliability level of the bridge. 
The following scenarios (see Table 5.15) are evaluated using the time-weighted model. 
The following are the assumptions:  
 Environmental discount rate is assumed equal to 2%. 
 Maintain economic discount rate at 3.5% because it is the recommended rate for 
U.K. public projects. 
 It is common that temporary repair is performed to keep the bridge operating to 
minimum level of safety while waiting for the delayed new deck. It is assumed that 
two-third of the 36m2 repair areas identified for the existing deck for Options 2 and 
3 require immediate temporary repair to ensure the deck lasts at least 10 years. 
The cost rate of the repair is assumed as £4580/m2, the same as Option 3’s major 
repair cost. 
 Apply the same weightings to economic and environmental criteria, i.e., WC/WE 
ratio is 40/60 for consistent comparison between new and previously analysed 
options. 
 For all options, the inspection regime is maintained for every 6 years. 
For this analysis, a new lean Z-type deck form is investigated and is anticipated that the 
innovation would be a common bridge form in 10 years’ time. It is assumed that this form 
uses 30% less steel and costs 10% less than the conventional Z-deck. This assumption is 
based on a study for light-weight Z-type design (Mott MacDonald, 2008).  
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The analysis investigates both scenarios, i.e., use of the conventional deck form and use 
of the lean deck innovation, both in 10 years. It is difficult to predict that the lean deck 
form will be adopted as the standard by then. The conventional deck may still be the 
standard design, so both scenarios should be examined. 
Table 5.15: Options for time-weighted analysis 
Options for time-weighted analysis 
Option 1 
No delay to the deck construction activity (46m2) - refers to Table 5.2 
maintenance plan. 
Option 2 Refer to Table 5.2 for Option 2 maintenance plan. 
Option 3 Refer to Table 5.2 for Option 3 maintenance plan.  
Option 1a 
Year 0 temporary repair (24m2) + Year 10 deck construction (46m2) + 
Year 85 deck deconstruction.  
Option 1b 
Year 0 temporary repair (24m2) + Year 10 lean deck construction 
(46m2) + Year 85 deck deconstruction.  
Option 1c  
Year 0 first temporary repair (12m2) + Year 5 second temporary 
repair (12m2) + Year 10 deck construction (46m2) + Year 85 deck 
deconstruction.  
 
5.10.2 Results and interpretation 
Figures 5.20, 5.21 and 5.22 show the environmental cost and combined performance 
results. 
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Figure 5.20: Time-weighted environmental performance scores (STWE) of the options 
The time-weighted assessment does not alter the fact that deck restoration (Options 2 
and 3) are still performing better than the delayed deck replacement (Options 1a, 1b and 
1c), even though the latter three use a ‘greener’ deck. Overall, the assessment does not 
change the outcome that Option 2 is still best environmental choice with the lowest STWE 
score. 
Compared with the baseline Option 1, the environmental scores (STWE) for delay options 
1a, 1b and 1c are considerably lower, showing there is a clear benefit to the environment 
from delaying the deck replacement.  
Although Options 1a and 1c have the same absolute amount of impact, Option 1c has a 
slightly lower score under time-weighting than Option 1a. This shows that benefit can be 
gained in managing the release of smaller doses of emissions over a longer period.  
If the decision appraisal is between deck replacement options, then Option 1b is the best 
environmental performance alternative.  In this context, there is a strong benefit to waiting 
for implementation of new ‘greener’ bridge construction.  
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Figure 5.21: Economic performance score (SAC) of the options 
 
Similarly, the assessment does not change the original ranking. Option 3 is still the lowest 
cost one, followed by Option 2 (see Figure 5.21). However, the third best option is now 
Option 1b, primarily due to steel reduction. 
The comparison between Options 1, 1a and 1c for standard deck replacement shows that 
the delayed options are more expensive compared to a non-delay one. This is due to 
relatively high temporary work cost at the start year and relatively short delay period. If the 
temporary cost for Options 1a and 1c is reduced by 13%, they would be comparable to 
Option 1. Similarly, if deck replacement is delayed for more than 13 years for Option 1a, 
then the cost of this option becomes less than Option 1. This indicates that a delay 
strategy does not necessary improve costs and is affected by the amount of early cost 
and delay duration.  
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Figure 5.22: Time-weighted combined performance scores (TW-CEE) of the options 
 
Because the deck restoration Options 2 and 3 consistently performed better than the 
delayed deck replacement options, both environmentally and economically, they remain 
the best strategies. Thus, Option 2 is the best overall performance alternative for this 
time-weighted case, closely followed by Option 3.  
It can be concluded that although there are some benefits in delaying the deck 
replacement scheme (including investigating implementation of ‘greener’ deck 
construction), there seems to be no strong case for the delay strategy. 
This case study proves that a delay strategy does not necessarily lead to environmental 
and cost benefits. That is the reason why the time-weighted assessment model is 
proposed, to provide a consistent quantitative method to investigate the delay strategy’s 
effect and determine the effect (merit or not) of such alternatives compared to other 
maintenance measures. 
 
5.10.3 Sensitivity analysis of the environmental discount rate 
To simplify the sensitivity analysis, only Options 1, 2 and 1a are investigated to determine 
the effect of the environmental discount rate on the analysis outcome. The discount rate 
used in the time-weighted factors (TWs) for calculating the time-weighted environmental 
scores above is based on value-choice. As discussed in Chapter 3, there is no universal 
discount rate for appraising environmental projects. Therefore, sensitivity analysis is 
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performed to determine the effect of discount rate change on the environmental scores 
and the combined scores.  
Although the rate directly affects the TW factors and the factors affect the environmental 
scores, the TW factors’ change is not discussed here because there will be too many to 
present practically.  
The time-weighted model can calculate different rates. A discount range between 0.1%-
3.5% is defined for this study for the common reason that many environmental investment 
and mitigation studies, including Fearnside et al. (2000), Levassure (2010) and a US EPA 
study (EPA, 2009), apply low rates of 0.1%-2% rates for their sensitivity studies. 
Moreover, discount rates over the long term are usually between 0.5% and 3% (Arrow et 
al. 1996). 
The environmental and combined performance results of the sensitivity are presented in 
Table 5.16. The cost discount rate is kept at 3.5%. 
 
Table 5.16: Sensitivity analysis of environmental discount rate change 
 Time-weighted environmental 
scores (units) 
Time-weighted combined 
scores (units) 
Environmental 
discount rate 
tested 
 
Option 1 Option 2 Option 1a Option 1 Option 2 Option 1a 
0.1%  100 0 96 82 0 98 
2%  100 0 84 82 0 90 
3.5%  100 0 73 82 0 83 
 
From the analysis, it can be concluded that Option 2 is clearly the best environmental and 
overall performance option. In the environmental scores, the best to worst option ranking, 
i.e., Option 2, 1a and finally 1, does not change, although Option 1a improves with rate 
increase.  
It also shows that the higher rate favours a delay strategy. Both environmental and 
combined scores of Option 1a improve as the rate increases. The combined scores of 
Option 1 and 1a become similar when the discount rate increases to 3.5%. This is not 
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surprising as one of the key factors that credit delay is discount rate. Delaying the deck 
rehabilitation scheme resulted in substantial reduction over short-term impact. 
 
5.11 Concluding remarks  
This chapter demonstrated the application of the combined economic and environmental 
assessment tool through a metallic bridge case study example in the U.K. Three 
rehabilitation strategies have been considered. 
The main observations from the analysis of the case study are as follows: 
 Working life of the maintenance has a considerable influence on a strategy’s cost-
effectiveness. 
 The dominant environmental impacts of metallic bridge maintenance, regardless 
of the options, are global warming impact, abiotic depletion and acidification. 
 Discount rate, working life duration of the maintenance and selection of economic 
and environmental weighting ratio has considerable influence on the ranking of the 
combined performance of the alternatives.  
 The application of the time-weighted function shows that there is benefit to the 
environment by delaying the replacement of the bridge.  
 Higher benefit can be gained in managing the release of smaller doses of 
emissions over a longer period for the same absolute amount of emission. 
In summary, the findings in this case study are the consequence of the parameters and 
scenarios modelled. The study shows the tool’s versatility and ability to integrate various 
inputs and presents the outputs in a coherent and transparent way to aid decision-
making. It also demonstrates the application of the proposed time-weighted approach to 
quantitatively incorporate a delay strategy into the current decision-making process.  
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6.0 Conclusion 
6.1 Introduction 
Old bridges form a significant part of the railway network in the United Kingdom. These 
structures are increasingly expensive to maintain in order to keep them continuously in 
service. As a result, the economic cost of different maintenances has to be assessed to 
ensure that the most cost-effective solution is selected.  
Maintenance work during a bridge’s life can consume substantial amount of resources 
and potentially have an adverse environmental impact. However, there are very limited 
studies available in the literature to quantify such impacts from maintenance activities. 
Moreover, the growing importance of environmental issues in the railway sector 
encourages railway authorities to quantitatively evaluate their maintenance projects so 
that such impacts can be kept to a minimum. 
As a result, railway asset managers need to be able to evaluate both the economic costs 
and the environmental consequences of diverse maintenance investment alternatives so 
that an informed decision can be made. A thorough understanding of any trade-off 
between economic and environmental implications is required to ensure cost-
effectiveness whilst reducing the environmental consequence to a minimum. However, an 
economic and environmental decision support model for the assessment of the bridge 
maintenance strategies is still lacking and such tool is required. 
The primary objective of this research work was to develop a combined economic and 
environmental assessment methodology for evaluating the economic and environmental 
performance of alternative maintenance strategies that extend the service life of ageing 
railway bridges. It is intended to assist railway asset managers in identifying the best 
overall maintenance strategy in terms of economic and environmental criteria.  
The methodology framework of the tool is based on life cycle analysis that takes into 
consideration the life cycle cost and environmental impacts that arise during the working 
life of different maintenance strategies. The working life of a maintenance strategy starts 
from construction and continues into the use and end-of-life stages of a single or multiple 
maintenance interventions considered in the strategy. Economic performance is analysed 
by the LCC approach whilst the environmental performance is assessed based on the Life 
Cycle Assessment (LCA) approach following the ISO 14040 Standard series.  The tool 
addresses the different working life durations of alternative maintenance strategies by 
evaluating cost and environmental performance of these strategies through an ‘equivalent 
annual’ term, i.e. equivalent annual cost (EAC) and annualised environmental impact 
Combined economic and environmental assessment tool for maintenance of railway bridges 
171 
 
indicators, respectively.  The combination of the cost and environmental performances 
and the trade-off between these alternatives are evaluated in the decision analysis 
process to determine the best overall economic and environmental performance 
maintenance strategy. A scoring and weighting multi-criteria decision analysis (MCDA) 
technique called Single Multi-Attribute Rating Technique using Swings (SMARTS) is 
utilised to aggregate the EAC cost and annual environment impact into a single combined 
performance score and determine their trade-off to identify the best overall strategy. 
In addition, a novel time-weighting function is introduced within the tool to explore the 
potential effects, merit or demerit, of a delay in the release of environmental impact on the 
evaluation and overall desirability of a given strategy. The model introduces a time-
weighting factor to account for delayed emissions in the MCDA by transforming the 
annual environmental to the time-weighted annual environmental score. 
A case study using typical maintenance plans of a U.K. railway bridge, applying different 
maintenance strategies, is presented to demonstrate step-by-step the use of the tool’s 
methodology. The three alternative maintenance strategies assessed are deck 
replacement, standard deck restoration and minor deck restoration and sensitivity 
analyses are conducted. In terms of assessing the potential environmental effects of 
delaying maintenance work to the future, three delayed scenarios are investigated. The 
main observations of this work are as follows: 
 Working life of the maintenance has a considerable influence on a strategy’s cost-
effectiveness. 
 The dominant environmental impacts of metallic bridge maintenance, regardless 
whichever options, are global warming impact, abiotic depletion and acidification. 
 Discount rate, working life duration of the maintenance and selection of economic 
and environmental weighting ratio has considerable influence on the ranking of the 
combined performance of the alternatives.  
 The application of the time-weighted function shows that there is benefit to the 
environment by delaying the replacement of assets.  
 Higher benefit can be gained in managing the release of smaller doses of 
emissions over a longer period for the same absolute amount of emission. 
 
6.2 Contribution of the research work 
The contributions of this research work, through the development of the combined 
economic and environmental assessment tool for assessing railway bridges maintenance, 
as follows:- 
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 This research has developed a decision support methodology that is capable of 
assessing the economic and environmental performance as well as the combined 
economic and environmental performance of alternative bridge maintenance 
strategies with unequal working lives through an ‘equivalent annual’ term. This has 
been achieved by proposing the novel adoption of an LCC EAC method and 
creating an Annual Aggregated Environmental Impact (non-discounted) to 
estimate annualised environmental impact of an alternative maintenance strategy. 
 This research has developed a decision support methodology that is capable of 
evaluating the potential effect, i.e. whether there is merit or demerit, of delaying 
maintenance work with respect to the environment. This has been achieved by 
creating a novel time-weighting factor to account for delayed emissions in the 
MCDA by transforming the annual environmental score to the time-weighted 
annual environmental score, and by introducing an Annual Aggregated 
Environmental Impact (discounted) to estimate the time-weighted annualised 
environmental impact of an alternative maintenance strategy. 
 This research has explicitly quantified environmental impacts of standard 
maintenance interventions that are typically prescribed for extending the service 
life of metallic bridges. This includes the novel quantification of various re-painting, 
repair, strengthening and renewal interventions. 
 One of the contributions of this research is the adoption of BS EN 60300-3-3 Life 
Cycle Costing’s element concept for translating the cost element matrix to an 
environmental element matrix. Through this, a common modelling structure is 
formulated to facilitate the estimation of both cost and environmental impacts of 
activities within a maintenance strategy, thus allowing the life cycle costing and life 
cycle assessment analyses to be conducted in a coherent and consistent manner.  
 
6.3 Limitations of the present research work  
6.3.1 Indirect cost and rebound environmental effect 
The present research work is limited to direct (agency) costs that are borne by the bridge 
owner. Indirect costs to the users such as cost of unavailability or delay of train services 
to the users due to maintenance has not been considered. Similarly, this research work 
assessed the environmental impacts that directly arise from maintenance actions. Indirect 
impacts associated with the maintenance activities such as effect of additional road traffic 
caused by unavailability of the bridge has not been assessed.  
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6.3.2 Lack of relevant information 
One of the difficult tasks faced by this research work is collating information and data, 
particularly the data that is required for conducting life cycle assessment analyses for 
various maintenance interventions. There is lack of relevant and high quality data 
available. The information was collated as much as possible through literature searches, 
using generic life cycle inventory (LCI) data from well-known databases and 
communication with the Network Rail’s project team. Some assumptions had to be made 
in order to be able to estimate the impacts. Since the aim of this research is to develop 
the combined economic and environmental assessment tool, the information available for 
the case study has been sufficient to demonstrate and validate the developed tool.  
 
6.3.3 Treatment of uncertainty 
The research tool developed is a deterministic tool. This means that the numbers of 
maintenance options for evaluation is limited and is restricted to the options put forward 
by the decision maker. Therefore, the best maintenance identified is the best among the 
options considered without considering the uncertainty associated with some of the input 
quantities.  
 
6.3.4 Improvement on MCDA method 
Though the present research work managed to deliver its objective by proposing a 
decision support tool to assess and identify the best overall economic and environmental 
maintenance alternative, the MCDA method applied can be further improved. Currently, 
the number of maintenance options assessed is limited and the SMARTS technique is 
sufficient to elicit the best among the alternatives. For a large number of alternatives, it 
may not be the best use of effort to utilise SMARTS to evaluate all the alternatives. It may 
be more appropriate to screen out non-optimal alternatives using other optimisation tools 
first. Furthermore, the SWING method introduced in SMARTS to elicit relative weights 
between the criteria is still subjective. A clearer and more objective method or guidance is 
required to help the decision maker to elicit the weighting values better. 
 
6.4 Recommendations for future work  
6.4.1 Expansion of the research tool to include social aspect  
This research work is limited to economic cost and environmental aspects of maintenance 
of railway bridges and the output of this research work is the combined economic and 
environmental assessment tool. The implications of bridge maintenance extending into 
social aspect have not been considered in this work. Social aspect is one of the three 
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pillars of sustainable development and there is opportunity to satisfy the essence of 
sustainable development.  
 
6.4.2 Risk-based tool 
This research work can be extended to include risk management of failure and 
unavailability of the bridge by incorporating Repair, Availability, Maintainability and Safety 
(RAMS) analysis. This will help towards optimising maintenance strategies or plans to 
ensure that the bridge system functions to the targeted level of performance throughout 
its life and to identify the optimum intervening time to repair and maintain the bridge.   
 
6.4.3 Additional maintenance interventions 
With the availability of more data, additional LCA analyses can be carried out on other 
maintenance interventions, which have not been covered in this research, to quantify their 
environmental impacts.  
 
In summary, this research has shown the combined economic and environmental 
assessment tool has the ability to identify the best overall performance alternative bridge 
maintenance, and able to integrate economic and environmental inputs and present the 
overall performance output in a coherent and transparent way to aid decision making. 
Also, the research has demonstrated the application of the proposed time-weighted 
approach to quantitatively incorporate a delay strategy into the current decision making 
process.  
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Appendix A Life cycle assessment (LCA) analysis on the case 
study bridge 
A1.1 Goal and scope definition 
The LCA analysis of the bridge case is conducted following the guidance from the 
International Organisation for Standards ISO 14040 (1997). The goal of the analysis is to 
quantify the environmental impacts arising from the maintenance plans of Options 1, 2 
and 3, as specified in Chapter 5. The LCA analysis is performed using GaBi 6 software 
v1.0 (PE International, 2012). 
The simplifying approach to be used depends on the goal and scope of the study, the 
required level of detail, the acceptable level of uncertainty and the available resources 
(Rebitzer et al., 2004). It is decided that a simplified (streamlined) LCA analysis is 
adopted. Simplifying information would be appropriate for making strategic decisions at 
the early planning phase where detailed information about the rehabilitation scheme is 
normally not available. Moreover, the combined decision model is used internally for long-
term asset planning. Therefore, it is acceptable to have a moderate level of uncertainty in 
the quantified impacts in the model. Furthermore, the LCA outputs are for identifying 
dominant issues which is the main purpose of implementing a streamlined assessment. A 
detailed discussion on the appropriateness of using the simplified LCA approach in this 
research project is presented in LCA literature review chapter. 
The maintenance plans of the Option 1, 2 and 3 are already presented in the Chapter 5 
Table 5.1. The following section describes the study scope of each option. 
  
A1.1.1 Option 1 deck replacement strategy 
Option 1 replaces the existing bridge deck with the Network Rail Standard Design Details 
(SDD) Z-type (steel floor) deck unit. The Z-type is proposed in this option as it is the most 
common deck form chosen for replacement. It is a half-through steel girder deck and 
comprises longitudinal ‘Z’ formed main girders with transverse ‘T’ rib and deck plate floor. 
Figure A.1 below shows a typical Z-type standard design (Mott MacDonald, 2009). 
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Figure A.1: Typical Z-type s deck cross section (Mott MacDonald, 2009) 
 
The main activities covered in the Option 1 deck replacement analysis are as follows: 
 At the start of the strategy plan, the deck would be reconstructed with a new Z-type 
steel deck. The main activities include production of the new deck unit, erection of 
the deck using a mobile crane and application of paint and waterproofing membrane 
to the installed deck. The removal and disposal of the existing deck is excluded in 
the analysis as this activity is allocated to the next strategy life cycle. This avoids 
double-accounting the activity in both current and next life cycles. 
 During the strategy service period, the maintenance plan predicted that no 
maintenance is required except routine inspections to be conducted every six years. 
The fuel usage for making the inspection journeys is included in the analysis. 
 At the end of the strategy service period, the deck would be dismantled using gas-
cutting, removed by a mobile crane and transported to a recovery site. 
 
A1.1.2 Strategy option 2 standard deck restoration 
This standard deck restoration option comprises steel plating repair and repainting 
interventions for restoring the corroded existing deck steel and renewing the existing paint 
coating. The form of steel plating repair follows the Network Rail standard design details 
as shown in Figures A.2, A.3 and A.4. These figures illustrate the typical plating repair 
technique for repairing corroded girders’ flanges and webs and floor troughs of the deck. 
It is assumed that 20 mm thick steel plates are bolted onto the existing girders’ flanges 
and webs and floor trough based on a past bridge rehabilitation project record (Network 
Rail and Mott MacDonald, 2013).  
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Maintenance plans are for indicating generalised intervention actions required throughout 
the service life of assets. Although the plan does not reveal the repair locations on the 
deck, the plating amount given would be sufficient to estimate the impact potentials of the 
steel repair activity regardless of the repair details depicted in the figures below. The 
number of bolts are estimated assuming that a bolt spacing of 60 mm is applied to the 
repair types.  
 
 
Figure A.2 Standard repair detail for deteriorated section of the existing deck trough 
(Network Rail and Mott MacDonald, 2013) 
 
Figure A.3: Standard repair detail for deteriorated web section of the deck (Network Rail 
and Mott MacDonald, 2013) 
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Figure A.4: Standard repair detail for deteriorated flange of the deck girder (Network Rail, 
2013) 
 
Repainting is performed in order to protect the structural steel from corrosion. A protective 
paint system applied over metallic bridges generally consists of a composition of several 
coating applications, i.e. primer, intermediate coats and topcoat (SCI, 2013). For this case 
study, the M20 paint system, specified in the railway authority paint specification 
NR/L3/CIV/040 (Network Rail, 2009), is applied in each repainting work. It consists of 
epoxy primer, epoxy intermediate coat and polyurethane topcoat. 
The main activities covered in the Option 2 standard deck restoration analysis are as 
follows: 
 At the start of the strategy plan, major restoration of the existing deck condition 
would be performed. The restoration involves structural steel repair and repainting 
the whole deck. The main activities involve production, transport and installation of 
the new steel plates. The removal of old rivets is not considered since the rivets 
arrangement detail and the repair locations are not known. In addition, the full 
repainting work involves removal of existing paint using grit-blasting technique and 
production, transport and application of new paint system to the deck and the new 
plated sections. The used grits and paint dust collected are transport to the recovery 
and disposal sites. 
 During the strategy service period, minor steel repair and patch repainting would be 
carried out on localised corroded areas, as forecasted in the maintenance plan. The 
working processes involved are similar to the standard steel repair and repainting 
works. In addition, routine inspections to be conducted every 6 years and the fuel 
usage for making the journeys is included in the analysis. 
Existing rivet removed and 
replaced with new bolt 
New 20mm thick plates to 
underside of bottom 
flange 
Existing girder 
bottom flange  
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 At the end of the strategy service period, the repaired steel plating would be 
dismantled using pneumatic tool and transport to using 40T lorry to recovery site. 
 
A1.1.3 Strategy option 3 minimum deck restoration 
This strategy option only involves minimal restoration to the deck by carrying out the 
necessary structural steel repair. The work is carried out in 3 consecutive years; year 0, 5 
and 10, paying attention to the most critical area first. The activities involved in this steel 
repair are the same as Option 2 structural steel repair. Figure A.7 depicts the scope of the 
analysis of this option. During the use phase, a minor repair and routine inspection would 
be conducted, as indicated in the option maintenance plan. The fuel usage for making the 
inspection journeys are included in the analysis. The repair plating is assumed to be 
dismantled and transported to the recovery site when the service life of the strategy ends. 
 
A1.1.4 Functional unit defined 
The functional unit defined for this LCA study is ‘the bridge deck having a good level of 
serviceability condition rating at minimal annualised economic and environmental effect’. 
The reference unit used for the comparison of the options is ‘environmental impacts arise 
from maintaining 1 unit bridge deck over an annual service year.’  
 
A1.1.5 Assumptions 
The following are the additional assumptions made for this assessment study: 
 The analysis boundary focuses on the bridge deck structure only, as indicated in the 
Chapter 5 maintenance plans stating the options. Therefore, other parts of the 
bridge such as tracks, parapets, bearings, piers, cill beams and abutments, wing 
walls and foundation are not included in the analysis. In addition, the deck joints are 
not considered since new joints consume relative small amount of materials and 
their potential impacts are likely to be insignificant. 
 The work process involved in minor steel repair and patch painting are assumed to 
be equivalent to the steel plating repair and repainting except applied at a smaller 
scale. Therefore, the impact potential unit estimated for steel plating repair and 
repaint is applied to the minor steel repair and patch repaint, respectively.  
 The recycled content approach is adopted where the benefit and burden to the steel 
recycling is allocated to the next product system. It is the most common approach 
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and is preferred since there is uncertainty about establishing the recycling rate for 
long term strategy 
 Indirect impacts associated with the maintenance activities, such as the 
consequence of additional traffic caused by unavailability of the bridge, is not 
investigated in the study. 
 
A1.2 Life Cycle Inventory Analysis  
Basically, there are four types of maintenance works in the maintenance plans, i.e. deck 
replacement, steel repair, repainting and inspection. Generic LCI processes are used for 
the simplified analysis. They are obtained from common LCI databases, such as 
Ecoinvent v2.2 (Ecoinvent Centre, 2010) and GaBi database’11 (PE International, 2011).  
Moreover, the maintenance designs, i.e. construction materials, transportation and site 
operation methods are identified from past metallic bridge project records and Network 
Rail’s maintenance standards and specifications. These past projects and specifications 
represent the common designs and maintenance methods that are normally prescribed 
for rehabilitating existing metallic bridges. In addition, industry references are used to 
provide the necessary data which are lacking from the project records. 
The information collected, including the materials and energy used, are relevant to 
particular bridge projects. However, the intervention works in the maintenance plans are 
estimated for different deck, steel repaired and painted areas. In order to be able to 
transfer the specific project data into the maintenance plans, the project quantities are 
divided by the bridges’ relevant deck, steel repair or painting areas.  
 
A1.2.1 Option 1 deck replacement strategy 
Table A.1 presents summary of material, equipment and transportation, and Life Cycle 
Inventory (LCI) data used for Option 1. Due to the lack of fabrication data, it is assumed 
that arc welding is used to weld the steel plate sections. Plate cutting and other fabrication 
processes are excluded from the analysis.  
Thermally sprayed paint system consisting of sprayed zinc coating, epoxy sealer and 
intermediate coatings and polyurethane topcoat is applied, following the paint 
specifications (Network Rail, 2009) for a new steel structure. It is assumed that the same 
type of epoxy and polyurethane paint properties specified for repainting above is used. 
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Due to lack of specific data, the waterproofing system applied onto the deck floor surface 
is assumed as methyl metharcylate (MMA) type.  
It is assumed that a 500t LTM 1500 Liebherr mobile crane is utilised for installing the new 
deck into place. The typical average fuel consumption of this crane model is estimated to 
be 48 litres/hour, which is an average usage value for normal crane operational condition, 
including the daily stoppages and delays during the operation (ICES, 2001). A 20 hour 
operation is assumed to install the deck unit based on past deck replacement project 
records (Mott MacDonald, 2009). 
Table A.1: Estimated weights and LCI databases for Option 1 
Main component Quantity for 1m2 
deck area 
LCI data and database 
Deck construction: 
Z-type deck steel   870kg/m2  
Steel plates (Worldsteel, GaBi 
Database’11) 
 
Deck welding 12.6m/m2 Welding, arc (Ecoinvent v.2.2)  
Zinc coating 6.1m2/m2 Zinc coating (Ecoinvent v.2.2) 
Epoxy paint 3.4kg/m2 Epoxy liquid (Ecoinvent v.2.2) 
Polyurethane paint 0.83kg/m2 Solvent paint on metal (GaBi 
Database’11)  
Deck waterproofing 2.0kg/m2 Methyl metharcylate (Plastic Europe, 
GaBi Database’11) 
Fuel, mobile crane 
for 20 hours lifting  
52kg/m2 Diesel burned, building machine 
(Ecoinvent v.2.2) 
Road transport of 
steel deck unit  
60km Articulated lorry transport (ELCD 
v2.0, GaBi Database’11) 
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Use stage 
Transport for 
inspections 
 
40km per trip 
Operation, van < 3.5t (Ecoinvent 
v2.2) 
End of life: 
Dismantle deck by 
cutting through with 
gas burner 
Assumed 10m Gas welding, steel (Ecoinvent v2.2) 
Lifting, Mobile crane 
fuel for 20 hour 
operation 
52kg/m2 Diesel burned, building machine 
(Ecoinvent v.2.2) 
Road transport 50km Articulated lorry transport (ELCD 
v2.0,  GaBi Database’11) 
 
A1.2.2 Strategy option 2:  Standard deck restoration 
Table A.2 shows the main components and LCI data applied for the Option 2 standard 
deck restoration. It includes estimated quantity of steel plates and HSFG bolts for the 
repair and the amount of the M20 paint coating applications and blasted area 
The density of steel plates is assumed as 7850 kg/m3 and M16 Grade 8.8 HSFG bolts are 
assumed be used with their weight assumed at 9.5 kg per 100 bolts (Tubecon, 2013). 
Without being able to identify which specific repair details are relevant to the deck 
restoration, it is assumed that 3.2kg of bolts (with 60mm bolts spacing assumed) is used 
for 1m2 installed plate. Due to unavailability of data, the fixing and dismantling of the steel 
plates onto the existing structure using pneumatic bolt fastener is not covered in the 
analysis. In addition, the 60km total journey for transporting the steel plates to site is 
assumed, same as the Option 1. 
For the repainting, the typical coverage rate and density of the paint coatings considered 
which are obtained from manufacturer paint data Jotamastic 80 paint (Jotun, November 
2016) and Jotun Hardtop XP paint (Jotun, October 2016) as follows: the epoxy coatings 
are 8.0 m2/litre and 1530 kg/m3 whereas the polyurethane topcoat is 10.5 m2/ litre and 
1220 kg/m3.  
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Blasting to clean the metal substrate surface of the deck structure was modelled through 
a blasting operation using a shot gun from the GaBi database’11 (PE International, 2011). 
Based on the expert advice, sprayed painting consumed 1.1 litre diesel per meter painted 
area, and the energy to fuel conversion rate 43.6KMJ/kg diesel is used. 
Table A.2 Estimated weights and LCI databases for Option 2 
Main components Quantity LCI data and database 
For steel plating repair, including minor repair: 
Steel plate  
 
157 kg/m2 
Steel plate (World steel, GaBi 
Database’11) 
HSFG bolts 3.2 kg/m2 
Hot-rolled steel section (ELCD v.2.0, 
GaBi Database') 
Transport 60km 
Articulated lorry transport (ELCD v2.0, 
GaBi Database’11) 
For repainting, including patch repaint: 
Epoxy paint  2.9 kg/m 
Epoxy resin liquid (Plastic Europe, GaBi 
Database’11) 
Polyurethane paint  0.7 kg/m 
Solvent paint on metal (GaBi 
Database’11) 
Blasting 1m2 Blasting, metal part (GaBi Database’11) 
Paint spraying 1.1kg/m2 
Diesel burned, building machine 
(Ecoinvent v2.2) 
Transport 15km 
7.5t small lorry transport (ELCD v2.0, 
GaBi Database’11) 
For use stage: 
Transport for 
inspections 
40km per 
trip 
Operation, van < 3.5t (Ecoinvent v2.2) 
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For end of life, dismantling and disposal of steel plating repair: 
Transport  50km 
Articulated lorry transport (ELCD v2.0. 
GaBi Database’11) 
 
A1.2.3 Strategy option 3:  Minimal deck restoration 
Table A.3 shows the main components and LCI data applied for the Option 3. It includes 
an estimated quantity of steel plates and HSFG bolts for the repair only. The repair detail 
is similar to the option 2 described above.  
Table A.3: Estimated weights and LCI databases for deck restoration strategy 
  
Main components Quantity LCI data and database 
For each steel repair intervention trip: 
Steel plate  
 
157 kg/m2  
 
Steel plate (Worldsteel, GaBi 
Database’11) 
 
HSFG bolts 3.2 kg/m2  
 
Hot-rolled steel section (ELCD v.2.0, 
GaBi Database’11) 
 
Transport  
50km per 
intervention 
trip 
 
Articulated lorry transport (ELCD 
v.2.0, GaBi Database’11) 
  
For use stage:  
Transport for 
inspections 
40km per 
trip 
Operation, van < 3.5t (Ecoinvent v2.2)  
Dismantling and disposal of steel plating repair at the end of the strategy 
effective service. 
Transport  50km 
 
Articulated lorry transport  (ELCD 
v.2.0, GaBi Database’11) 
 
 
 
A1.3 Impact Assessment 
The impact assessment method selected depends on the goal and scope definition of the 
study itself. Since this analysis quantifies the impact potentials for further conversion into 
environmental impact indicators, the CML 2001-November 2010 methodology (Guinée et. 
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al., 2002) is implemented to perform the classification and characterisation of the impact 
assessment. The LCA analysis is performed using GaBi 6 software v1.0 (PE International, 
2012). The environmental impact categories assessed are Abiotic depletion (element and 
fossil), acidification (AP), eutrophication (EP), global warming (GWP), ozone depletion 
(ODP) and photochemical oxidation creation (POCP) potentials. 
 
A1.4 Results interpretation 
The calculated impact potentials for the three options are presented in Tables A.4, A.5 
and A.6. These life cycle impact assessment (LCIA) results are produced from the LCI 
databases GaBi Database’11 (PE International, 2011) and Ecoinvent v2.2 (Ecoinvent 
Centre, 2010). 
These results are transformed into environmental performance scores in Chapter 5 in 
order to calculate the combined economic and environmental performance scores for 
options comparison. Further interpretations of the environmental results can be found in 
Chapter 5.  
Table A.4: Option 1 deck replacement strategy impact potentials  
Impact categories 
Deck construction 
(46m2) 
Inspections (12 
nos.)  
 
Deck 
deconstruction 
and disposal 
(46m2) 
Abiotic depletion, 
element (kg Sb eq.) 
0.2 1.35x10-5 5.6x10-5 
Abiotic depletion, 
fossil (MJ) 1062614 1843 3461 
Acidification 
(kg SO2 eq.) 276 0.5 5 
Eutrophication 
(kg PO4 eq.) 26 0.1 0.4 
Global warming 
(kg CO2 eq.) 102715 136 639 
Ozone depletion 4.3x10-4 2.0x10-5 1.48x10-5 
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(kg CFC-11eq.) 
Photochemical 
oxidant creation 
(kg Ethene eq.) 
49 0.1 0.7 
Note: LCIA results produced from LCI databases GaBi Database’11 (PE International, 
2011) and Ecoinvent v2.2 database (Ecoinvent Centre, 2010). 
 
Table A.5: Option 2 standard deck restoration strategy impact potentials 
Impact 
categories 
Steel 
plating 
and 
repaint 
(36m2) 
Minor 
repair 
(4m2) 
Patch 
repaint 
(2m2) 
Inspection 
(5 nos.) 
Plating repair 
deconstruction 
(36m2) 
Abiotic depletion, 
element  
(kg Sb eq.) 9.2E x10-3 4.1 x10-4 1.9x10-4 5.6x10-6 2.8x10-6 
Abiotic depletion, 
fossil (MJ) 260129 20671 974 768 1863 
Acidification 
(kg SO2 eq.) 68 5.4 0.3 0.2 0.6 
Eutrophication 
(kg PO4 eq.) 6 0.4 0.05 0.06 0.13 
Global warming 
(kg CO2 eq.) 23363 1899 66.11 56.69 132.80 
Ozone depletion 
(kg CFC-11eq.) 3.5x10-5 6.6x10-7 1.1x10-6 8.5x10-6 2.6x10-7 
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Photochemical 
oxidant creation 
(kg Ethene eq.) 13 1 0.03 0.05 0.06 
Note: LCIA results produced from LCI databases GaBi Database’11 (PE International, 
2011) and Ecoinvent v2.2 database (Ecoinvent Centre, 2010). 
 
Table A.6: Option 3 Minimal deck restoration strategy impact potentials 
Impact categories 
Steel plating and repaint  
(12m2 repaired per intervention x 
3 sequence of intervention) 
Inspections 
(2 nos.) 
Steel plating 
deconstruction 
(36m2) 
Abiotic depletion, 
element (kg Sb 
eq.) (2.4 x10-3) x 3 nos. event 2.2 x 10-6 2.19 x10-6 
Abiotic depletion, 
fossil (MJ) 67859 x 3 nos. event 307 1458 
Acidification  
(kg SO2 eq.) 17 x 3 nos. event 0.08 0.4 
Eutrophication 
 (kg PO4 eq.) 1 x 3 nos. event 0.02 0.1 
Global warming  
(kg CO2 eq.) 6094 x 3 nos. event 22 103 
Ozone depletion  
(kg CFC-11eq.) (9.2 x10-6) x 3 nos. event 3.4 x10-6 2.1 x10-7 
Photochemical 
oxidant creation  
(kg Ethene eq.) 3 x 3 nos. event 0.02 0.05 
Note: LCIA results produced from LCI databases GaBi Database’11 (PE International, 
2011) and Ecoinvent v2.2 database (Ecoinvent Centre, 2010). 
